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SBIR RIGHTS NOTICE ( A P R I L  1986) 

Th i s  S B I R  data i s  f u r n i s h e d  w i t h  SBIR r i g h t s  under N A S A  Con t rac t  No. 
NAS5-29276. For a p e r i o d  of two y e a r s  a f t e r  a c c e p t a n c e  of a l l  items t o  be 
d e l i v e r e d  .under  t h i s  c o n t r a c t ,  t h e  Government agrees t o  u s e  t h i s  data f o r  
Government purposes  o n l y ,  and i t  s h a l l  no t  be d i s c l o s e d  o u t s i d e  t h e  Government 
( i n c l u d i n g  d i s c l o s u r e  f o r  procurement pu rposes )  d u r i n g  such  p e r i o d  wi thout  
pe rmis s ion  of t h e  C o n t r a c t o r ,  excep t  t h a t ,  s u b j e c t  t o  t h e  f o r e g o i n g  use  and 
d i s c l o s u r e  p r o h i b i t i o n s ,  such  d a t a  may be d i s c l o s e d  f o r  u s e  by s u p p o r t  
c o n t r a c t o r s .  After t h e  a f o r e s a i d  two-year p e r i o d ,  t h e  Government has a 
r o y a l t y - f r e e  l i c e n s e  t o  u s e ,  and t o  a u t h o r i z e  o t h e r s  t o  use  on i ts  b e h a l f ,  
t h i s  data f o r  Government pu rposes ,  b u t  is r e l i e v e d  of a l l  d i s c l o s u r e  
p r o h i b i t i o n s  and assumes no l i a b i l i t y  f o r  unau thor i zed  use of t h i s  data by 
t h i r d  par t ies .  T h i s  No t i ce  s h a l l  be affixed t o  any r e p r o d u c t i o n s  of t h i s  
data ,  i n  whole o r  i n  par t .  
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PROJECT SUMMARY 

To develop  a Full-Sky Sensor (FSS) t o  detect t h e  E a r t h ,  Sun and Moon from a 
s p i n n i n g  s p a c e c r a f t .  This  s e n s o r ,  w i t h  ground p r o c e s s i n g ,  m u s t  be c a p a b l e  of 
a c c u r a t e l y  l o c a t i n g  t h e  c e n t r o i d  of these bod ies  from low o r b i t s  t o  t h e  L1 
l i b r a t i o n  p o i n t .  Coverage must be 4n s t e r a d i a n s  wi th  p r o v i s i o n s  f o p  
r e c o g n i z i n g  o r  b l ank ing  s p a c e c r a f t  appendages.  

Concept 

The concept  adopted  has i n f i n i t e l y  var iable  r e s o l u t i o n .  A high-speed search 
mode i s  implemented on  t h e  s p a c e c r a f t .  A s t e p p i n g  s e n s o r  w i t h  0.2' s teps  was 
t h e  o r i g i n a l  concept  b u t  t h i s  was discarded e a r l y  i n  t h e  program f o r  r e a s o n s  
p r e s e n t e d  i n  t h i s  r e p o r t .  

F ind ings  and R e s u l t s  

The a t t i t u d e  d e t e r m i n a t i o n  accuracy w i l l  be  as f o l l o w s :  

Low Ear th  O r b i t  (<1,000 k m )  

L1 L i b r a t i o n  Po in t  

<0.2' 3 sigma ( E a r t h )  
<0.03' 3 sigma (Sun)  

<0.1' 3 sigma ( E a r t h )  
<0.1' 3 sigma (Moon) 
<0.03' 3 sigma (Sun)  

Advantages 

1 )  A s i n g l e  s e n s o r  de t e rmines  a t t i t u d e  parameters from Ear th ,  Sun and Moon; 

2)  The b i a s  between t h e  a c t u a l  s p a c e c r a f t  s p i n  a x i s  and t h e  in t ended  s p i n  

3)  Cos t  is minimized. 
4 )  Ground p r o c e s s i n g  .is s t r a i g h t  forward .  

t h u s  e l i m i n a t i n g  in s t rumen t  mounting e r r o r s .  

a x i s  can be de te rmined .  

Hardware F eas i b i  1 i t y  

The FSS is a m o d i f i c a t i o n  of an e x i s t i n g  f l i g h t - p r o v e n  s e n s o r .  S i g n a l  l e v e l s  
f o r  t he  v a r i o u s  mis s ions  have been de termined ,  a!d t h e  s i g n a l - t o - n o i s e  l e v e l s  
are  s a t i s f a c t o r y  w i t h  t h e  m o d i f i c a t i o n s  proposed.  Mechanical changes are  
minimal. M o d i f i c a t i o n  t o  t h e  e l e c t r o n i c s  are  n e c e s s a r y  t o  accommodate t h e  
ampl i tude  r ange  and s i g n a l  w i d t h  r ange  of the  ce l e s t i a l  bodies  t o  be detected. 

P o t e n t  i a1 Appl i c a t i o n s  

1)  A l l  ISTP  m i s s i o n s ,  i n c l u d i n g  t h e  Japanese  GEOTAIL and t h e  European 
CLUSTER miss ions .  

2) MSSP (Mul t i -Spacec ra f t  S a t e l l i t e  Program). 
3 )  Dual-spin s p a c e c r a f t  a t  any a l t i t u d e .  
4) Spinning  s p a c e c r a f t  a t  any a l t i t u d e .  
5) I n  low-Earth o r b i t s ,  t h i s  s e n s o r  has t h e  p o t e n t i a l  f o r  de t e rmin ing  a l l  

o r b i t  parameters .  
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1.0 OBJECTIVES 

The objective of the research carried ou t  was t o  es tabl ish the f e a s i b i l i t y  of 
incorporating proven technology t o  configure a f u l l - s k y  (4 l r  s teradian) sensor. 
The sensor would locate  the Earth, Sun and Moon for a spinning spacecraft. 
The sensor m u s t  provide suf f ic ien t  resolution t o  accurately identify the 
a t t i t ude  of the spacecraft a t  distances as  f a r  as the L1 l ib ra t ion  point and 
as close as the shu t t l e  o r b i t .  
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2.0 SCOPE 

Th i s  s t u d y  was conducted t o  de te rmine  t h e  f e a s i b i l i t y  of producing a low c o s t ,  
41 s t e r a d i a n ,  three-body s e n s o r  as descr ibed  i n  S e c t i o n  1.0. A l l  r e l e v a n t  
issues re la ted  t o  t h e  s e n s o r  and a p p l i c a t i o n s  were addressed. 

The f o l l o w i n g  t o p i c s  were covered  d u r i n g  t h e  s t u d y :  

A. S i g n a l  Level  Ana lys i s  

- E a r t h  a t  L1 

- Moon a t  L1 

B. 

C. 

D. 

E. 

F. 

C. 

H. 

I. 

J. 

Horizon Locator  

Detect o r  Eva1 u a t i o n  

Motor Assessment 

Acc uracy Anal y s i  s 

Bias Determina t ion  Ana lys i s  

Opera t ing  Modes 

C ommand/Tel erne t r y  R equ i rem en t s 

Ground P r o c e s s i n g  

- Algorithm f o r  de t e rmin ing  t h e  c e n t r o i d  of an o b j e c t  

- C o r r e c t i o n  f o r  t h e  l u n a r  t e r m i n a t o r  

- Global geometry t o  de te rmine  a t t i t u d e  

App l i ca t ion  t o  t h e  ISTP Miss ions  

- W I N D  

- EQUATOR 

- POLAR 

T a s k s  F ,  I, J and part of E and G were performed under t h e  d i r e c t i o n  of D r .  
J i m  Wertz. H i s  work was i n t e r n a l l y  funded by ITHACO. 
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ITHACO has  been i n  t h e  h o r i z o n  s e n s o r  bus iness  f o r  more t h a n  20 y e a r s .  O u r  
o r i g i n a l  approach  t o  t h i s  problem was t o  deve lop  a s t e p p e r  s e n s o r  w i t h  t h e  
r e q u i r e d  0.2' r e s o l u t i o n  as a m o d i f i c a t i o n  of our e x i s t i n g  Steerable Horizon 
C r o s s i n g  I n d i c a t o r  ( S H C I ) .  A pai r  of t h e  p r e s e n t  s e n s o r s  has  been f l y i n g  on 
the  USAF P78-2 s p a c e c r a f t  s i n c e  1979. Attached i s  a copy of IPS 1-4/79, a 
sales brochure  of I T H A C O ' s  SHCI .  ' 

The S H C I  u t i l i z e s  a s t e p p e r  motor w i t h  3' s tep  s i z e s .  A s  t h e  motor is 
p o s i t i o n e d  t o  a p a r t i c u l a r  a n g l e ,  t h e  s p i n n i n g  s p a c e c r a f t  r o t a t e s  abou t  i ts  
s p i n  a x i s  c a u s i n g  a cone t o  be scanned though space. The s c a n  would appear  a s  
a l a t i t u d i n a l  l i n e  on a ce l e s t i a l  s p h e r e  i n  spacecraft c o o r d i n a t e s .  When t h e  
a n g l e  between t h e  s p i n  ax is  and t h e  F i e l d  of V i e w  ( F O V )  i s  changed,  by 
changing  t h e  p o s i t i o n  of t h e  motor ,  a new cone would be  scanned. Refer t o  
F i g u r e  3.0-1 f o r  t h e  o r i e n t a t i o n  of the  s e n s o r  on t h e  s p a c e c r a f t .  

Spacecraft 

f 
Earth Center 
(nadir) 

FIGURE 3.0-1 
SENSOR MOUNTED ON SPACECRAFT 

A t  lower  E a r t h  o r b i t s ,  t h e  3' r e s o l u t i o n  between s t e p s  is more t h a n  adequa te  
t o  accurately de te rmine  t h e  a t t i t u d e  of a s p a c e c r a f t .  A t  250 E a r t h  r a d i i ,  t h e  
Ear th  is  0.5 d e g r e e s ;  t h u s ,  t h e  r e s o l u t i o n  of t h e  S H C I  is no t  adequa te .  

E a r l y  i n  t h e  Phase I s t u d y ,  p o s s i b l e  s o l u t i o n s  t o  t h i s  problem of r e s o l u t i o n  
were pursued.  S o p h i s t i c a t e d  g e a r i n g  and s t e p p i n g  t e c h n i q u e s  were 
i n v e s t i g a t e d ,  b u t  a s u p e r i o r  method was found and pur sued .  T h i s  method 
i n v o l v e s  the  use of  a Brush le s s  DC motor. 

The use of t h e  Brush le s s  DC motor i n  t h e  Full-Sky Scanner w i l l  be e x p l a i n e d  i n  
de t a i l  i n  S e c t i o n  4.1. Other  o p t i o n s  t h a t  were i n v e s t i g a t e d  are  p r e s e n t e d  i n  
S e c t i o n  4.10. , .  . 

. .  . 
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4.0 TECHNICAL PRESENTATION 

4.1 Basic 'Concept 'of "the Fu l l -Sky  Scanner 

The F u l l - S k y  Scanner (FSS) i s  conceptually s imilar  t o  I T H A C O ' s  Steerable 
Hori mn Crossing Indicator ( S H C I )  . The difference between the  two devices 
allows detection of the Earth and Moon as f a r  away as  250 Earth r a d i i .  

The FSS consists of a ro ta t ing  mirror, an opt ical  bar re l ,  an infrared 
detector ,  a Brushless DC motor, a s u n  sensor and appropriate electronics 
( r e fe r  t o  Figure 4.1-11. The opt ical  barrel  focuses a one-degree f i e l d  of 
view (FOV)  on the infrared detector. The rotat ing mirror i s  attached t o  the 
Brushless DC motor, enabling the FOV t o  scan a t  a speed controlled by the 
electronics .  The Sun sensor i s  izcluded f o r  measuring t h e  spacecraft s p i n  
r a t e  and t o  provide a rotat ional  refererlce. 

/ M O U N T I N G  SUlFAUI 

----.._. 

-H- y r o r  

I 
CONNECTOR 

a 

FIGURE 4.1-1 
FULL-SKY SCANNER b 

C 

a )  Cutaway Showing Bolometer and Optics. 
b )  Scanner and Sun Sensor (as seen from side of spacecraf t ) .  
c )  Scanner and Sun Sensor (looking along s p i n  axis of spacecraf t ) .  
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The FSS i s  mounted on the  s p a c e c r a f t  o r thogonal  t o  t h e  s p i n  a x i s  ( r e f e r  t o  
F igu re  4.1-2). If t h e  s p a c e c r a f t  were not  r o t a t i n g ,  t h e n  t h e  s c a n n e r ' s  FOV 
would sweep o u t  a p l a n e  i n  space .  Looking a t  t h e  scan  t r a c e  on a c e l e s t i a l  
s p h e r e ,  one would s e e  a g r e a t  c i r c l e .  

FIGURE 4.1-2 
FULL-SKY SCANNER MOUNTING GEOMETRY 
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Controlling the scan r a t e  such tha t  i t  equals the s p i n  r a t e  of the spacecraft ,  
a f igure  t18tt scan pat tern w i l l  be produced on a ce l e s t i a l  sphere ( r e fe r  t o  
Figure 4.1-3). . .  

FIGURE 4.1-3 
SCAN TRACE WITH SCANNER A N D  SPACECRAFT SPEEDS MATCHED 
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With t h e  scanne r  s p i n  rate exact ly  matched t o  t h e  s p a c e c r a f t  s p i n  r a t e ,  t h e  
p a t t e r n  would re t race e v e r y  r e v o l u t i o n  of t h e  spacecraft .  By s l i g h t l y  
i n c r e a s i n g  t h e  speed  of t h e  s c a n n e r ,  t h e  p a t t e r n  would begtn  t o  advance i n  
space .  F igu re  4.1-4 shows the  s c a n  p a t h  advancing  a c r o s s  the g l o b a l  sphere 
around t h e  s p a c e c r a f t .  The r e s o l u t i o n  between one  scan  p a t h  and t h e  n e x t  is 
s t r i c t l y  a f u n c t i o n  of the  d i f f e r e n c e  between the  spacecraft  s p i n  r a t e  and t h e  
s c a n n e r  s p i n  rate. Advancing the  p a t t e r n  i n  the o p p o s i t e  d i r e c t i o n  is done by 
s imply  d e c r e a s i n g  t h e  scanne r  s p e e d  s o  t h a t  i t  i s  s l i g h t l y  l ess  than  t h e  
s p a c e c r a f t  s p i n  rate.  

b 

FIGURE 4.1-4 
FULL-SKY COVERAGE OF SCAN TRACE 



Report 93226 
August 6,  1986 
Page 8 * 

20 

18 min 

. 90 min 

This  concept  produces a s c a n n e r  t h a t  is h i g h l y  a g i l e .  A s  well as s t r a i g h t  
forward c o n t r o l  of the  s c a n  p a t t e r n ' s  r e s o l u t i o n ,  o t h e r  Options are  ava i lab le  
when u s i n g  t h i s  scann ing  t echn ique .  For example,  i t  is p o s s i b l e  t o  s c a n  a t  a 
scann ing  speed  t o  s p a c e c r a f t  s p i n  r a t e  r a t i o  of more t h a n  1 .  Thus, f o r  a 
s p e c i f i c  r e s o l u t i o n ,  t h e  e n t i r e  4n s t e r a d i a n  may be scanned i n  less time. 
E f f e c t  of m u l t i p l e  s c a n  r a t i o s  are shown i n  F igu re  4.1-5. 

Though scann ing  t h e  e n t i r e  sky  w i t h  a scann ing  speed- to - spacec ra f t  s p i n  ra te  
r a t i o  of 2,3,... is  i n t e r e s t i n g ,  there does n o t  seem t o  be any g r e a t  
advantage  f o r  do ing  s o  d u r i n g  t h e  ISTP mis s ions .  Using sane of t h e  more 
advanced t e c h n i q u e s  p r e s e n t e d  i n  S e c t i o n  4 .6 ,  there w i l l  be an  ample amount of 
time t o  a c q u i r e  data. More a t t e n t i o n  t o  t h i s  w i l l  be g iven  i n  Phase 11. 

. .  . 

80 200 

4.5 min 1.8 min 

22.5 min 9 min 

Coverage of  IT s t e r a d i a n s  is  accomplished u s i n g  proven s e n s o r  technology.  
Movement of t h e  scan  pa th  i n  s p a c e  i s  s imply  a f u n c t i o n  of motor speed ;  
r e s u l t i n g  i n  a h i g h l y  c o n t r o l l a b l e  scanne r .  Reso lu t ion  between s c a n  p a t h s  is  
a f u n c t i o n  of t h e  a b i l i t y  t o  c o n t r o l  t h e  moto r ' s  s p e e d .  

Scan: Spin = 1:l Scan: Spin = 4:l 

Time to Complete Full Sky Scan 

Resolution 

(degrees) 

1.0 

11 

0.2 
I I L 

FIGURE 4.1-5 
MULTIPLE SCAN' RATES 



L -  

4.2 Horizon Loca t ion  

Report  93226 
August 6 ,  1986 
Page 9 ' 

I n  t h i s  s e c t i o n  the  problem of a c c u r a t e  h o r i z o n  d e t e c t i o n  of small objects is 
exp lo red .  T h i s  is t h e  j o b  t h e  s e n s o r  m u s t  do t o  i n s u r e  accurate c e n t r o i d  
d e t  e rmina t  i on by ground p r o c e s s i n g  . 
I n s t a n t a n e o u s  h o r i z o n  l o c a t i o n  of l a r g e  ob jec ts ,  such  as t h e  Ear th ,  is 
commonly done t o  a c c u r a c i e s  of 0 . l p  t o  0.5' a t  low o r b i t s ,  and 0.03' a t  
geosynchronous o r b i t s .  O u r  o b j e c t i v e  is  t o  a c h i e v e  0.2' a t  low o r b i t s  and 
<0.l0 a t  t h e  L1 Lagrange p o i n t  by r e d u c i n g  t h e  e f fec ts  of n o i s e  th rough  t h e  
ground p r o c e s s i n g .  

4.2.1 Worst Case O r b i t  

The Sun,  t h e  E a r t h ,  and t h e  Moon a re  a l l  detectable  i n  low Ear th  o r b i t .  
&cause t h e  Sun is  f a r  enough away, i t  i s  for  a l l  p r a c t i c a l  pu rposes  a 
c o n s t a n t  d i s t a n c e  from any of the  o r b i t s  be ing  c o n s i d e r e d ,  and w i l l  be 
detectable from any o r b i t .  

For s e n s o r s  des igned  f o r  low-Earth o r b i t ,  t h e  i n f r a r e d  o p t i c a l  passband i s  set 
t o  t h e  1 4  t o  16 micron CO, a b s o r p t i o n  band. I n  t h i s  band, detected r a d i a t i o n  
comes from black-body e m i s s i o n s  from t h e  upper atmosphere.  The atmosphere 
ac t s  l i k e  a f i l t e r  and p r e v e n t s  t h e  s e n s o r  from s e e i n g  t h e  ground o r  s t o r m s  a t  
low a l t i t u d e s ;  a lso e l i m i n a t i n g  day /n igh t  effect .  A c o n s i d e r a b l e  amount of 
e f fo r t  has been expended o v e r  t h e  y e a r s  by N A S A  and others  t o  d e t e r m i n e  
charac te r i s t ics  of t h e  Earth 's  i n f r a r e d  s i g n a t u r e  i n  t h i s  passband.  

We know from p a s t  e x p e r i e n c e  t h a t  we o b t a i n  ample s i g n a l  from t h e  Ea r th  and 
can e x p e c t  t o  do h o r i z o n  l o c a t i o n  w i t h  no d i f f i c u l t y  a t  low and moderate 
o r b i t s .  Thus ,  t h e  area o f  conce rn  is  the  h i g h e r  o r b i t s  where t h e  Ea r th  is  s o  
f a r  away t h a t  t h e  f u l l  Earth d i s k  is n o t  l a rge  enough t o  f i l l  t h e  s e n s o r  f i e l d  
of view. I n  those cases, t h e  s i g n a l  l e v e l s  o b t a i n e d  w i l l  be less t han  t h o s e  
f o r  low-Earth o rb i t s .  Thus,  t h e  worst case is t h e  h i g h e r  o r b i t  case, 
s p c i f i c a l l y  t h e  Sunward L i b r a t i o n  p o i n t  ( L 1 )  . 
4.2.1.1 Worst Case E a r t h  

A t  t h e  L1 l i b r a t i o n  p o i n t ,  t h e  Earth is  less than  0.5' wide;  t h u s  i t  w i l l  n o t  
f i l l  the'FOV. Figure 4.2-1 is a p l o t  of t h e  E a r t h  s i g n a l  r e s u l t i n g  from a 
s c a n  o f  t h e  FOV a c r o s s  t h e  Earth.  T h i s  is  t h e  maximum signal o b t a i n a b l e  and 
r e p r e s e n t s  t he  case where t h e  c e n t e r  l i n e  of t h e  FOV p a s s e s  t h r o u g h  t h e  c e n t e r  
of the  Earth d i s k .  The maximum signal o b t a i n e d  i s  about 20% of  a t y p i c a l  
low-orbit E a r t h  s igna l .  Thus,  a t  best we have o n l y  20% of o u r  normal 
low-orbit Ear th  s i g n a l  l e v e l  a v a i l a b l e .  Similar c a l c u l a t i o n s  i n d i c a t e  t h a t  i f  
the FOV c e n t e r  misses t h e  Earth c e n t e r  by 0 .5 ' ,  t h e  peak s i g n a l  is o n l y  8% of 
a low-orbit E a r t h  s i g n a l .  

* .  
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4.2.1.2 Worst Case Moon 

The Moon has no a p p r e c i a b l e  a tmosphere and a long  day  ( 1 4  Ear th  d a y s )  and 
n igh t .  The i n f r a r e d  s e n s o r  which can detect t h e  Sun and t h e  Earth w i l l  no t  
see t h e  c o l d  s ide  (70 K e l v i n )  of the  Moon. Thus, u n l i k e  t h e  Sun and t h e  
Ear th ,  t h e  Moon has a n  i n f r a r e d  t e r m i n a t o r .  We would expec t  t o  see emitted 
r a d i a t i o n  from the  Moon's surface where t empera tu res  can vary  from 390 Kelv in  
a t  t h e  s u b s o l a r  p o i n t  t o  70 Kelv in  on the dark  s i d e ' .  The user who desires t o  
use data  from t h e  Moon m u s t  take i n t o  account  t h e  e f f e c t s  of t h e  t e r m i n a t o r  i n  
h i s  a l g o r i t h m s .  

A t  the  Sunward l i b r a t i o n  p o i n t  L 1 ,  t h e  spacecraft is  l o c a t e d  between t h e  Sun 
and t h e  Earth.  The a t t i t u d e  cannot  be determined u n l e s s  t h e  Moon is used. 
F o r t u n a t e l y ,  a t  t h e  L1 l i b r a t i o n  p o i n t ,  t h e  Moon i s  always f u l l y  i l l u m i n a t e d  
by t h e  Sun as viewed from t h e  s p a c e c r a f t .  

From the  data  i n  t h e  r e f e r e n c e d  r e p o r t ' ,  an  i n f r a r e d  model of the  Moon's 
s u r f a c e  t empera tu re  d i s t r i b u t i o n  was d e f i n e d  and convolved w i t h  t h e  FOV model 
t o  o b t a i n  s i g n a l s  similar t o  t h a t  i n  F i g u r e  4.2-1. The Moon s i g n a l  a t  i ts  
c l o s e s t  approach  t o  t h e  s p a c e c r a f t  peaks a t  1 4 %  of a low-orb i t  E a r t h  s ignal .  
A t  t h e  l a r g e s t  s e p a r a t i o n  d i s t a n c e ,  t h e  Mom's  signal is on ly  5% of the  
low-orb i t  E a r t h  signal.  O f  c o u r s e ,  a t  these two extremes, t h e  signal is no t  
of t o o  much i n t e r e s t  s i n c e  t h e  Sun, Moon, Ea r th ,  and t h e  spacscraft  w i l l  again 
l i e  approx ima te ly  i n  a s t r a i g h t  l i n e .  The Moon s i g n a l  is of most i n t e r e s t  when 
the  Moon and s p a c e c r a f t  are  a t  a r i g h t  a n g l e  t o  t h e  E a r t h  ( re fer  t o  F i g u r e  
4.2-2). I n  t h i s  geometry,  t h e  s igna l ' s  ampl i tude  is  about  45% of t h e  L1 E a r t h  
s i g n a l ;  Assuming t h a t  we wish  t o  detect t h e  Moon when t h e  FOV is no t  d i r e c t l y  
c e n t e r e d  on t h e  Moon means t h a t  we would l i k e  t o  be a b l e  t o  detect t h e  Moon 
signal Thus ,  
we mus t  be able  t o  detect  a s i g n a l  which is 4% of a low-orb i t  E a r t h  s i g n a l  i n  
o r d e r  t o  o p e r a t e  w i t h  t h e  Moon a t  t h e  L1 l i b r a t i o n  p o i n t .  If we can do t h a t ,  
t h e n  we w i l l  a l s o  be a b l e  t o  f i n d  t h e  Ea r th  and t h e  Sun. Fur thermore ,  we w i l l  
a l s o  be able  t o  o p e r a t e  a t  lower o r b i t s  where s i g n a l s  are  s t r o n g e r .  

when i t  is 40% of peak o r  about  4% of a low-orb i t  Ea r th  s i g n a l .  

MOON 
t 

S PACECRAF'T 
EARTH 

FIGURE 4.2-2 
LIBRATION POINT GEOMETRY 
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4.2.1.3 Worst Case Sun 

A t  t h e  L1 l i b r a t i o n  p o i n t ,  we are  c l o s e r  t o  t h e  ' s u n ' t h a n  'a t  any other  orbit . '  
However,' we are  o n l y  abou t  1 %  of the way from t h e  Ea r th  t o  t h e  Sun. Thus ,  we 
have n o t  s i g n i f i c a n t l y  changed t h e  Sun s i g n a l  from what we are  used t o  c o p i n g  
wi th  i n  low-Earth o r b i t .  A c a l c u l a t i o n  of t h e  Sun signal carr ied o u t  a t  L1 
i n d i c a t e s  t h a t  t h e  maximum Sun signal is 130  times a low-orbit Ear th  s i g n a l  
v e r s u s  127 times i n  low-Earth o r b i t .  

The problem w i t h  t h e  Sun i s  no t  i n  f i n d i n g  i t ,  b u t  i n  cop ing  w i t h  i t  and its 
effects  on t h e  E a r t h  and  Moon p r o c e s s i n g  e l e c t r o n i c s .  A s e p a r a t e  channe l  of 
e l e c t r o n i c s  w i l l  be  devoted t o  p r o c e s s i n g  t h e  Sun,  s o  t h e  a c t u a l  l o c a t i o n  
p r o c e s s  devo ted  t o  t h e  Sun can be op t imized  wi thou t  deg rad ing  Earth/Moon 
performance. A s  f a r  as t h e  Earth/Moon e l e c t r o n i c s  i s  conce rned ,  t h e  problem 
is a c lass ical  o n e  of making a n  a n a l o g  s y s t e m  r e c o v e r  g r a c e f u l l y  from a h igh  
o v e r l o a d .  The t e c h n i q u e  is  well developed and c o n s i s t s  p r i m a r i l y  of c a r r y i n g  
wide e l e c t r o n i c  bandwidth w i t h  ample dynamic r a n g e  u n t i l  a c l i p p e r  can be 
i n s e r t e d  t o  r e d u c e  t h e  ampl i tude  of t h e  o v e r l o a d ,  as desc r ibed  i n  S e c t i o n  
4.2.3.3. 

. . . .  

4.2.1.4 Worst Case Summary 

The worst cases f o r  t h e  ISTP  sys t ems  a re  encoun te red  a t  t h e  L1 l i b r a t i o n  
p o i n t .  The re  we have t o  detect  a s ignal  which is  4% o f  t h e  l o w - o r b i t  Ea r th  
s i g n a l .  A t  t h e  same time, we have t o  cope with p o s s i b l e  effects  of a 130 times 
Ear th  . s ignal  from t h e  Sun. The 4% r equ i r emen t  de t e rmines  the minimum signal 
t o  n o i s e  r a t i o  which we must a c h i e v e  w i t h  t h e  s e n s o r .  The sys t em w i l l  have 
enough dynamic r a n g e  t o  be able  t o  o p e r a t e  i n  low-Earth o r b i t  and on r a re  
o c c a s i o n  i n  t h e  neighborhood of t h e  s u n l i t  s i d e  of t h e  Moon. A summary of t h e  
s i g n a l  l e v e l s  a t  t h e  L1 l i b r a t i o n  p o i n t  and a t  low-Earth o r b i t  is  g i v e n  i n  
T a b l e  4.2-1. . .  

E a r t h  

Moon 

Sun 

Low Earth O r b i t  

100% 

1 4 %  ( low-lunar  o r b i t )  

127 X 100% 

L I  L i b r a t i o n  P o i n t  
( see  Figure  4.2-2) 

8% 

4% 

130  X 100% 

TABLE 4.2-1 
RELATIVE SIGNAL AMPLITUDES 
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4.2.2 O p t i c a l  C o n s i d e r a t i o n s  

4.2.2.1 O p t i c a l  Passband  

Low-orbit h o r i z o n  s e n s o r s  are norma l ly  r e s t r i c t ed  t o  u s i n g  t h e  1 4  t o  16 micron 
band. Th i s  band minimizes  t h e  effects of a t m o s p h e r i c  d iS turbances  and 
i n f r a r e d  s i g n a l s  from the  surface of t h e  E a r t h  o r  t he  s e n s o r .  To a c e r t a i n  
e x t e n t ,  t h e  ISTP s e n s o r s  are  r e l i e v e d  from t h a t  r equ i r emen t .  A l l  of t h e  
o r b i t s  are  h i g h ,  r a n g i n g  from 7000 kilometers o u t  t o  1.6 m i l l i o n  kilometers a t  
t h e  l i b r a t i o n  p o i n t .  F i n e  d e t a i l  a t  t h e  E a r t h ' s  edge has  l i t t l e  effect  a t  
these a l t i t u d e s  compared t o  the  effects  i n  low o r b i t .  Thus,  we can open t h e  
o p t i c a l  passband and o b t a i n  more s i g n a l  by t r a d i n g  away some of t h o  
a tmosphe r i c  s t a b i l i t y  t h a t  is r e q u i r e d  f o r  0.1' a c c u r a c y  i n  low o r b i t s .  

ITHACO has b u i l t  half-degree sys t ems  (Nimbus f o r  example) t h a t  o p e r a t e d  from 
12.5 microns t o  beyond 17 microns.  T h u s ,  a n  o p t i c a l  passband change is  
c e r t a i n l y  a v i a b l e  o p t i o n '  and w i l l  p rov ide  about three times t h e  normal 
s igna l .  

The a n a l y s i s  of s i g n a l s  and t h e  s i g n a l - t o - n o i s e  c o n s i d e r a t i o n s  p r e s e n t e d  t o  
f o l l o w  DO NOT assume t h a t  any o p t i c a l  passband changes have been made. These  
were n o t  changed because  of t h e  v a s t  e x p e r i e n c e  ITHACO has  w i t h  t h e  p r e s e n t  
passband and t h e  s i g n a l  l e v e l s .  If t h e  s e n s o r  can be  shown t o  o p e r a t e  w i t h  
t h e  p r e s e n t  pas sband ,  t h e n  performance can o n l y  improve w i t h  t h e  larger  
improved s i g n a l  t o  n o i s e  r a t i o s  and greater margins  o b t a i n a b l e  w i t h  a wide r  
o p t i c a l  passband.  

4.2.2.2 F i e l d  of V i e w  

The s e n s o r  FOV is a 1 .1 '  round f i e l d  o f  view. That  is ,  t h e  FOV is 
a p p r o x i m a t e l y  round a n d ' t h e  s e n s o r  i s  about 50% as s e n s i t i v e  t o  s i g n a l s  0.55' 
off a x i s  a s  i t  is t o  s i g n a l s  on a x i s .  F i g u r e  4.2-3 is a cross s e c t i o n  p l o t  o f  
t h e  t y p i c a l  FOV used  i n  t h e  c o m p u t e r ' a n a l y s e s  t h a t  f o l l o w s .  
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4. 2.3 Locators 

The term locator r e fe r s  t o  the technique of defining the leading or t r a i l i n g  
edge of the  Earth or other ce l e s t i a l  objects being viewed as the  sensor scans 
through the body. T h i s  is  done on the spacecraft .  The term locator DOES NOT 
r e fe r  t o  the process of obtaining the centroid of the body, which is done on 
the ground. Determining the centroid i s  addressed i n  Sections 4.7.1 and 
4.7.4.1 of t h i s  report .  . .  
4.2.3.1 Earth Locator 

4.2.3.1.1 Differentiating Locator 

The locator choice is  driven by the s ignals  that  the horizon sensor sees f rm 
the l i b ra t ion  point. Most recent experience w i t h  horizon sensors a t  ITHACO 
has been w i t h  t he ' d i f f e ren t i a t ing  locator.  A computer model of the signal 
processing c i r cu i t s  has allowed simulation s tudies  of performance of the 
sensor under various conditions to  be carried out .  A s  an i n i t i a l  t e s t  of t h e  
d i f f i c u l t i e s  of operation a t  the l ib ra t ion  point, the  waveform i n  Figure 4.2-1 
was applied t o  the computer model. The model parameters were optimized for  
low-Earth o rb i t  operation. The standard (low-orbit) ro tor  speed of 120 RPM 
was assumed. The r e su l t s  were f a r  from encouraging. The d i f fe ren t ia tor  
output was approximately what one would expect from the impulse response of 
the electronics .  The amplitude was s o  small that  the signal was below minimum 
thresholds,  the  following c i r cu i t s  would ignore the signal.  

The response of the simulated d i f fe ren t ia t ing  sensor indicated that  i f  the 
sensor were t o  take reasonable data i n  the r ea l  world versus s i m p l y  giving 
back the electronic  impulse response, then bandwidths would have t o  be 
increased or ro to r  speed would have t o  be reduced or both. The d i f fe ren t ia tor  
works f i n e  i n  low-Earth o r b i t ,  b u t  the d i f f i c u l t i e s  i n  achieving detectable 
signals a t  L1 w i t h  wide bandwidths make the locator appear unattractive.  
Consequently, we rejected the d i f fe ren t ia t ing  locator.  

4.2.3.1.2 Normalizing Locator , .  
The normalizing locator is the n e x t  logical choice. However, due t o  the 
extremely large dynamic range of s ignals ,  the normalizing locator is not 
prac t ica l .  Thus ,  the normalizing detector was a l so  rejected.  

4.2.3.1.3 Fixed Radiance Locator 
. I .  

The simplest locator is a "fixed radiance" locator.  The Earth signal is 
amplified, f i l t e r e d ,  and then applied t o  one i n p u t  of a comparator, the other 
i n p u t  being connected t o  a fixed reference voltage. When the Earth signal 
exceeds the comparator threshold,  the comparator s igna ls  that  Earth is  being 
viewed. When the Earth signal again drops below the threshold, the comparator 
s igna ls  that  Space is  being viewed. Qu i t e  sa t i s fac tory  horizon sensors have 
been b u i l t  using t h i s  simple 'scheme, Nimbus being a notable example. 
Performance is  typical ly  about 0.5' i n  low-Earth o rb i t  (without ground 
processing). 



Report 9322 6 
August 6 ,  1986 
Page 16 ', 

The f i x e d  r a d i a n c e  l o c a t o r  normally s u f f e r s  from one  s i g n i f i c a n t  e r r o r  sou rce .  
The p r e c i s e  time t h a t  t he  comparator detects  the  Earth i s  dependant upon the  
ampl i tude  of t h e  Ear th  s i g n a l .  That  ampl i tude  can va ry  depending upon t h e  
t empera tu re  of the  E a r t h ' s ' a t m o s p h e r e .  Thus, we s a y  t h a t  t he  l o c a t o r  i s  
r a d i a n c e  s e n s i t i v e .  

The f i x e d  r a d i a n c e  l o c a t o r  would normal ly  y i e l d  poor r e s u l t s .  In  t h i s  
a p p l i c a t i o n ,  however, where a t  t h e  L1 p o i n t  t h e  Ear th  is viewed i n  a p l a n e  
t h a t  i s  w i t h i n  about  23' of the  e q u a t o r .  The r a d i a n c e  changes from l o c a l i z e d  
c loud  p a t t e r n s  a r e  l a r g e l y  averaged  o u t  because t h e  Ear th  i s  smaller t h a n  t h e  
s e n s o r  f i e l d  of view (FOV), and t h e r e f o r e ,  r a d i a n c e  v a r i a t i o n s  w i l l  be 
s u b s t a n t i a l l y  less  a t  t h e  L1 l i b r a t i o n  p o i n t  t han  a t  low o r b i t s .  It  would be 
s u r p r i s i n g ,  i n  f a c t ,  i f  t h e ' v a r i a t i o n  i n  t h e  average  E a r t h  t empera tu re  changes 
much a t  a l l  when viewed from t h e  l i b r a t i o n  po in t .  The w i n t e r  p o l e  w i l l  n o t  be 
s e e n ,  and t h a t  accoun t s  f o r  most of t h e  a tmospher ic  d i s r u p t i o n s  t h a t  a f fec t  
low-orb i t  s e n s o r s 2 .  It might even be p o s s i b l e  t o  a rgue  t h a t  i f  there i s  no t  a 
r e a s o n a b l y  c o n s t a n t  a v e r a g e  r a d i a n c e  ba lance  on  t h e  E a r t h  o v e r  t h e  p e r i o d  of 
time we have a t  our d i s p o s a l  f o r  ave rag ing ,  t h a t  t h i s  would have c a t a s t r o p h i c  
consequences t o  a l l  of US. 

Consider  F i g u r e  4.2-4, a f i x e d  r a d i a n c e  l o c a t o r  i s  shown t h a t  i s  se t  a t  about  
10% of t h e  maximum Ear th  ampl i tude ,  s a fe ly  above t h e  no i se .  Both t h e  w i d t h  of 
t h e  E a r t h  and t h e  ampl i tude  are modulated as t h e  f i e l d  of view s c a n  p a t h  moves 
from being p a r t i a l l y  of f .  t h e  E a r t h  t o  be ing  comple t e ly  o n  t h e  Ear th .  Note 
t h a t  a t  K = 0.5', t h e  p u l s e  w i d t h  has changed and i s  a t  70% of t h e  peak '  Ear th  
w i d t h ,  w h i l e  t he  ampl i tude  has dropped t o  40% of t h e  peak. T h i s  i s  i n  p a r t  
due t o  t h e  f i e l d  of v iew model used ( F i g u r e  4.2-3) which ' app rox ima tes  t h e  
bolometer  d e t e c t o r  we now use. The s i g n i f i c a n c e  of t h i s  is t h a t  i n  one  axis  
t h e  ampl i tude  i s  a more s e n s i t i v e  measure of t he  p o s i t i o n  than  i s  t h e  p u l s e  
wid th .  I n  t h i s  o t h e r  a x i s  ( a l o n g  t h e  p a t h  of t h e  s c a n )  i t  d o e s n ' t  matter. We 
b e l i e v e  t h a t  a f i x e d  l o c a t o r  w i t h  r eadou t  of ampl i tude ,  p u l s e  w i d t h ,  and p u l s e  
phase is t h e  optimum l o c a t o r  f o r  t h i s  a p p l i c a t i o n .  

4.2.3.2 Moon Locator  

S ince  t h e  Moon s i g n a l  is about  h a l f  t h a t  of the  Ea r th  a t  L1, t h e  l o c a t o r  w i l l  
b e  t h e  same. However, t h i s  imposes scanne r  speed  l i m i t a t i o n s  as d i s c u s s e d  i n  
S e c t i o n  4.4.  
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P u l s e  Width c h a n g e s  by 24% a t  K = 0 . 5  
Ampl i tude  c h a n g e s  by 40% a t  K = 0 . 5  

F I G U R E  4.2-4 
F I X E D  R A D I A N C E  LOCATOR 
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A s  s t a t ed  i n  S e c t i o n  4.2.1.3, t h e  problem w i t h  t h e  Sun i s  not  i n  f i n d i n g  i t ,  
b u t  i n  coping  w i t h  i t  and i ts  effects  on  t h e  Ear th  and Moon p rocess ing  
e l e c t r o n i c s .  A s e p a r a t e  channel  of e l e c t r o n i c s  w i l l  be devoted  t o  p r o c e s s i n g  
t h e  Sun, s o ' t h e  actual  l o c a t i o n  p rocess  devoted  t o  t h e  Sun can be  opt imized  
wi thout  deg rad ing  Earth/Moon performance. A s  far  as t h e  Earth/Moon 
e l e c t r o n i c s  is concerned ,  t h e  problem is a .c lassica1 one  of making an  ana log  
system recove r  g r a c e f u l l y  from a h igh  ove r load .  The t echn ique  i s  well 
developed and c o n s i s t s  p r i m a r i l y  of c a r r y i n g  wide e l e c t r o n i c  bandwidth w i t h  
ample dynamic r ange  u n t i l  a c l i p p e r  can be i n s e r t e d  t o  r educe  t h e  ampl i tude  of 
t h e  ove r load .  Once t h e  Sun s i g n a l  has been l i m i t e d ,  t h a n  bandwidths can be 
reduced commensurate w i th  Earth/Moon requ i r emen t s .  The Sun s i g n a l  t h u s  g e t s  
c l i p p e d  t o  a low level b e f o r e  i t  can d i s t u r b  t h e  e l e c t r o n i c  f i l t e r i n g .  By 
c l i p p i n g  t h e  Sun s i g n a l ,  t h e  d i s t u r b a n c e  t o  t h e  e l e c t r o n i c s  i s  minimized. The 
e l e c t r o n i c s  t h e n  can r e c o v e r  much qu icke r  and more l i n e a r l y  t h a n  o t h e r w i s e  
would be p o s s i b l e .  

4.3 Signal - to-Noise  Ana lys i s  

The low-Earth s i g n a l  l eve l  achieved  by our  CES is about  200 m i c r o v o l t s  a t  t h e  
b o l m e t e r .  The o p t i c a l  passband i s  1 4  t o  16 microns w i t h  t h e  1.1' FOV and a 
210' Kelvin E a r t h  s i g n a l .  We w i l l  uSe t h a t  S i g n a l  l e v e l  as our baSe l ine .  We 
want t o  be ab le  t o  detect  a s i g n a l  which is about  4 %  of t h i s  level (Moon a t  
Ll). Thus , we want t o  be able  t o  r e l i a b l y  detect an  8 m i c r o v o l t  s i g n a l  a t  t h e  
Ll l i b r a t i o n  p o i n t .  

The bolometer  n o i s e  l e v e l  is approximate ly  t h e  Johnson n o i s e  g e n e r a t e d  by i ts  
r e s i s t a n c e .  The two f lakes  a re  wired i n  p a r a l l e l  and ,  a t  room t e m p e r a t u r e ,  
have a p a r a l l e l  r e s i s t a n c e  of about  125 kohms. The Johnson n o i s e  from a 
125,000 ohm r e s i s t o r  is '15.5 nV/root Hz; O f  c o u r s e ,  we do not  do t h i s  well i n  
p r a c t i c e  because  of p r e a m p l i f i e r  n o i s e  . and  bolometer  c u r r e n t  n o i s e  effects  as 
w e l l  as  l / f  effects .  Allowing ano the r  30% f o r  o t h e r  n o i s e  s o u r c e s  leaves u s  
w i t h  approx ima te ly  60 nV/root Hz as a c h i e v a b l e  performance from a bolometer .  
See ITHACO r e p o r t  /I92575 Rev. A f o r  a de ta i led  n o i s e  a n a l y s i s  on a CES. '  The 
p r e a m p l i f i e r  d e s i g n  m a i n t a i n s  t h e  room tempera tu re  s i g n a l - t o - n o i s e  performance 
o v e r  a bolometer  t empera tu re  span  from -15'C t o  25'C. Temperatures above 25'C 
o r  t empera tu res  below -15'C degrade s i g n a l  t o  n o i s e  performance.  

I n  o r d e r  t o  detect  an 8 m i c r o v o l t  s i g n a l ,  t h e  n o i s e  l e v e l  m u s t  be  less  than  8 
m i c r o v o l t s .  S ince  we w a n t  t o  i n s e r t  a t h r e s h o l d  which i s  not  p e r t u r b e d  by 
n o i s e  when'no o b j e c t  is p r e s e n t  and is no t  t r i p p e d  by  n o i s e  when t h e  s i g n a l  is 
p r e s e n t ,  t h e  t h r e s h o l d  m u s t  be a t  4 m i c r o v o l t s .  Thus, we want a peak n o i s e  
l e v e l  of less t h a n  4 m i c r o v o l t s .  T h i s  i m p l i e s  a n  RMS n o i s e  l eve l  of 413 
m i c r o v o l t .  In  p r a c t i c e ,  one  would want some margin ,  s o  an RMS n o i s e  l e v e l  of 
0.8 m i c r o v o l t s  is a r e a s o n a b l e  goa l .  If we have a n o i s e  bandwidth of 175 Hz, 
t h e n  we s h o u l d  a c h i e v e  the r e q u i r e d . s i g n a 1  t o  n o i s e  r a t i o .  

60 nV x = .794 m i c r o v o l t s  
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I n t r i n s i c  t o  t h e  n a t u r e  of a t h e r m i s t o r  bolometer  is a thermal l a g .  T h i s  l a g  
i s  a r ea l  p o l e  i n  t h e  r e s p o n s e  of the  bolometer .  That l a g  i s  compensated o u t  
by a matching lead network. The lead u n f o r t u n a t e l y  i n c r e a s e s  the n o i s e  
bandwidth of t h e  system and m u s t  be accounted  f o r  i n  t h e  d e s i g n  of a f i l t e r .  
For our pu rposes ,  l e t  u s  assume t h a t  t h e  lead r e q u i r e d  i s  2 m i l l i s e c o n d s  t o  
compensate t h e  d e t e c t o r .  Then t h e  f o l l o w i n g  f i l t e r  p rov ides  t h e  r e q u i s i t e  175  
Hz no i  se bandwidth.  

( 1 + .002 SI f ( s )  = 
( 1  + 1 . 1 6 2 ~ 1 0 - ~ 9 ) ( 1  + 1 . 9 9 0 ~ 1 b - ~ s  + 1 . 2 5 8 ~ 1 0  -6 s 2 ) ( I  + 1 . 0 8 5 ~ 1 0 - ~ s  + 989x10 -9 s 2 ) 

. .  
T h i s  is a f i v e - p o l e  Bessel f i l t e r  w i t h  a 0.002 sec. lead. 

4.4 Motor Speed Effect on Locator  

I n  S e c t i o n  4 .1 ,  i t  was shown t h a t  f u l l - s k y  coverage  may be completed f a s t e r ,  
w i t h  t h e  same r e s o l u t i o n ,  by t u r n i n g  t h e  scanne r  a t  m u l t i p l e s  of the  
s p a c e c r a f t  r o t a t i o n  speed .  I n  t h i s  s e c t i o n ,  t h e  effect  of scanner  s p i n  r a t e  
on  t h e  s i g n a l  w i l l  be p re sen ted .  

F i g u r e  4.4-1 is  a p l o t  t h a t  shows t h e  r e sponse  of t h e  f i l t e r  d e s c r i b e d  i n  
S e c t i o n  4 . 3 , ' t o  t h e  maximum E a r t h  s i g n a l  a t  t h e  L1 l i b r a t i o n  po in t .  The p u l s e  
c e n t e r e d  ' abou t  t h e  X-axis r c O "  is the i n p u t  p u l s e ' f r o m  t h e  convo lu t ion  of t h e  
FOV model a n d  t h e  Ea r th  model. The c a l c u l a t e d  o u t p u t s  assume ei ther  a f i x e d  
s e n s o r  w i t h  t h e  s p a c e c r a f t  r o t a t i n g  a t  20, 40, 60 o r  80 RPM o r  conve r se ly  a 
f i x e d  s p a c e c r a f t  w i t h  t h e  s e n s o r  motor runn ing  a t  t h o s e  speeds.  For a r u n n i n g  
s e n s o r  motor on a s p i n n i n g  spacecraft ,  t h e  a c t u a l  e q u i v a l e n t  speed  of t h e  FOV 
is h i g h e r  t h a n  e i the r ,  b u t  less  t h a n  t h e  sum of both  depending upon t h e  
i n s t a n t a n e o u s  o r i e n t a t i o n  of  t h e  FOV. For s i m p l i c i t y  r i g h t  now, we assumed 
c o n s t a n t  speed .  For r e f e r e n c e ,  t h e  ampl i tude  of t h e  Moon s i g n a l  (45% of the 
Ear th  s i g n a l )  is  noted .  

L1 Max Earth 

J 20 RPM 
* * * * 

-1 0 1 

Degrees of Rotation 

2 

FIGURE 4.4-1 
FILTER RESPONSE TO EARTH PULSE AT 20-80 RPM S C A N  SPEED 
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The f i l t e r  c l o s e l y  matches what would be expec ted  from a Bessel des ign .  The 
inpu t  p u l s e  shape  is  well p re se rved .  The o u t p u t  p u l s e  c l o s e l y  resembles t h e  
i n p u t  p u l s e  de layed  by a c o n s t a n t  time de lay .  The p l o t  X a x i s  is i n  s c a n  
d e g r e e s ,  n o t  time which is  why t h e  peaks s h i f t  t o  t h e  r i g h t  as the speed  
i n c r e a s e s .  

A t  t h e  l o w e s t  speed  p l o t t e d ,  t h e  o u t p u t  s i g n a l  peaks a t  90% of the  i n p u t  
s i g n a l .  Thus,  w e  have  managed t o  g e t  most of t h e  s i g n a l  t h rough  t h e  f i l t e r  
and t h e  d e t e c t i o n  p r o c e s s  w i l l  be q u i t e  s o l i d .  I n  f a c t ,  t h e  d e t e c t i o n  p r o c e s s  
is q u i t e  s o l i d  even  a t  80 RPM f o r  Earth d e t e c t i o n .  T h i s  means t h a t  we w i l l  be 
able t o  f i n d  the  E a r t h  a t  these speeds .  The peak o u t p u t  v e r s u s  i n p u t  is  
t a b u l a t e d  below. 

Speed Peak  o u t p u t  Peak  o u t p u t  
( RPM) ( $ 1  ( m i c r o v o l t s  1 

20 90 36 
40 73 29 
60 55 22 
80 45 18 

I n  S e c t i o n  4.2.1.1, we de termined  t h a t  we wanted t o  detect  t h e  Ea r th  when we 
missed t h e  c e n t e r  of the  Earth by 0.5' w i t h  t h e  FOV. The Ea r th  i n p u t  s i g n a l  
t h e n  would be 1 6  mic rovo l t s .  A t  60 RPM t h e n ,  t h e  f i l t e r  o u t p u t  s i g n a l  would  
be 8.8 mic rovOl t s  and r e l i a b l e  d e t e c t i o n  would s t i l l  be poss ib le .  T h u s ,  on  a 
20 RPM s p a c e c r a f t ,  r u n n i n g  t h e  s e n s o r  motor a t  40 RPM p r o v i d e s  r e l i a b l e  Ea r th  
data .  

The peak Moon t h a t  we expec t  is  18 m i c r o v o l t s  because  of t h e  smaller s i z e  of 
t h e  Moon. See S e c t i o n  4.2.1.2: By t h e  same r e a s o n i n g ,  we c o u l d  detect t h e  
Moon t h e n  w i t h  a r o t o r  speed  O f  40 RPM. However, i f  we miss the  Moon by 0.5', 
t h e n  we would e x p e c t  t h e  Moon s i g n a l  t o  a lso be a t t e n u a t e d  t o  40% of peak as 
i n  t h e  case of  the  Ear th .  In  t h i s  case, t h e  Moon s i g n a l  would be 7.2 
mic rovo l t s  and o n  t h e  b o r d e r l i n e  of d e t e c t a b i l i t y  e v e n  w i t h  a scan s p e e d  lower 
t han  20 RPM which is  no t  a v a i l a b l e .  Thus ,  we can f i n d  t h e  Moon a t  40 RPM, b u t  
must h i t  i t  q u i t e  c l o s e l y  t o  do so. S i n c e  t h e  a c t u a l  FOV s p e e d  is a f u n c t i o n  
of b o t h  t h e  s p a c e c r a f t  r o t a t i o n  speed  and  t h e  s e n s o r  motor s p e e d ,  a c t u a l l y  
r u n n i n g  t h e  motor a t  4 0  RPM would make d e t e c t i n g  t h e  Moon q u e s t i o n a b l e  excep t  
when the  FOV crosses ve ry  close t o  t h e  m i d d l e  of  t h e  Moon. Thus, we s h o u l d  
e x p e c t  t o  r u n  t h e  s e n s o r  motor a t  t h e  same speed  as t h e  s p a c e c r a f t  is r o t a t i n g  
when we are l o o k i n g  fo r  the  Moon a t  t h e  L1 l i b r a t i o n  p o i n t .  

Here is where i n c r e a s i n g  t h e  o p t i c a l  passband could  he lp .  If we were t o  
approx ima te ly  d o u b l e  t h e  throughput  of t h e  o p t i c s  by i n c r e a s i n g  t h e  o p t i c a l  
bandwidth,  t h e n  t h e  Moon d e t e c t i o n  problem becomes comparable  t o  t h e  Ea r th  
d e t e c t i o n  s i t u a t i o n  d i s c u s s e d  above.  
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4.5 Te leme t ry  I n t e r f a c e  

A c t u a l l y  d e t e r m i n i n g  t h e  a t t i t u d e  o f  t h e  s p a c e c r a f t  w i l l  be performed o n  the  
ground. The t e l e m e t r y  i n f o r m a t i o n  r e q u i r e d  t o  de te rmine  a t t i t u d e  is t h e  
l o c a t i o n  o f  the  i n - c r o s s i n g  and o u t - c r o s s i n g s  of t h e  E a r t h ,  Sun and Moon 
r e l a t i v e  t o  t h e  Sun i n  s p a c e c r a f t  c o o r d i n a t e s .  Also as descr ibed i n  S e c t i o n  
4.2, t h e  magnitude of the p u l s e  can a l so  be a v a i l a b l e  for  t e l e m e t r y .  

T h i s  data may be  t r a n s m i t t e d  i n  real time as a large q u a n t i t y  of Sun p u l s e s  
and tack p u l s e s  a l o n g  w i t h  t h e  o u t p u t  of t h e  l o c a t o r .  Though t h i s  a p p e a r s  t o  
be  t h e  s i m p l e s t  method, t h e  r e a l i t y  would be somewhat more d i f f i c u l t .  T h i s  
system would r e q u i r e  m u l t i p l e  c h a n n e l s  t o  detect motor p o s i t i o n  p u l s e s ,  Sun 
p u l s e s ,  and l o c a t i o n  p u l s e s .  

A much s i m p l e r  method o f  h a n d l i n g  t h e  t e l e m e t r y  da ta  is  by s e n d i n g  a d i g i t a l  
word t h a t  c o n t a i n s  i n - c r o s s i n g  and o u t - c r o s s i n g  in fo rma t ion .  T h i s  i n f o r m a t i o n  
may be s i m p l y  o b t a i n e d  by t r a c k i n g  t h e  p o s i t i o n s  of t he  motor and t h e  
s p a c e c r a f t .  When a n  i n - c r o s s i n g  or o u t - c r o s s i n g  is detected, t h e  p o s i t i o n  of 
t h e  motor and s p a c e c r a f t  i s  s t o r e d  i n  a r e g i s t e r .  The motor p o s i t i o n  may be 
measured d i r e c t l y  o f f  t he  m o t o r ' s  code wheel (tack t r ack ) .  The r o t a t i o n a l  
p o s i t i o n  of t h e  s p a c e c r a f t  may be  measured by t i m i n g  t h e  i n t e r v a l  between t h e  
Sun p u l s e  and t h e  l o c a t i o n  of t h e  i n - c r o s s i n g  o r  o u t - c r o s s i n g .  The o n l y  
a d d i t i o n a l  i n f o r m a t i o n  r e q u i r e d  is t h e  s p i n  r a t e  of t h e  s p a c e c r a f t .  T h i s  is 
o b t a i n e d  by measur ing  t h e  time from one  Sun p u l s e  t o  t h e  n e x t .  

F i g u r e  4.5-1 shows t h e  i n t e r c o n n e c t i n g  of t h e  i n p u t s  t o  produce t h e  t e l e m e t r y  
r e q u i r e d  f o r  a t t i t u d e  and p o s i t i o n  d e t e r m i n a t i o n .  The o u t p u t  of the Adcole 
Sun s e n s o r  i s  f e d  i n t o  t h e  c o u n t e r / l a t c h  c o n t r o l .  T h i s  would perform two 
tasks .  F i r s t ,  i t  would l a t c h  t h e  c u r r e n t  number i n  c o u n t e r  A i n t o  l a t c h  A. 
Second, i t  would reset t h e  c o u n t e r  i n  some c o n s t a n t ,  and p r e f e r a b l y  
n e g l i g i b l e ,  time a f t e r  l a t c h i n g  A. The c o u n t e r  would t h e n  s tar t  c o u n t i n g  as a 
f u n c t i o n  of t h e  osc i l la tor .  A t  t h e  n e x t  Sun p u l s e  t h e  above two tasks would 
be r e p e a t e d .  Note t h a t  t h e  number i n  l a t ch  A is a f u n c t i o n  o f  the  time between 
Sun p u l s e s .  Tha t  i s ,  t h e  s p a c e c r a f t  s p i n  r a t e  may be c a l c u l a t e d  from t h e  
number i n  l a tch  A g iven  t h a t  t h e  f r e q u e n c y  of the  o s c i l l a t o r  is known. 

The l o c a t o r  produces a s i g n a l  when a n  i n - c r o s s i n g  or o u t - c r o s s i n g  is detected 
by t h e  s e n s o r .  When an i n - c r o s s i n g  i s  detected c o u n t e r  A would be s t o r e d  i n  
Latch B. The time between a Sun p u l s e  and t h e  d e t e c t i o n  of an  i n - c r o s s i n g  can  
be de te rmined  from t h e  number i n  l a t c h  B. The same a p p l i e s  f o r  t h e  
o u t - c r o s s i n g  u s i n g  l a t ch  C. With t h e  knowledge of t h e  s p i n  r a t e  of t h e  
s p a c e c r a f t  and t h e  time from a Sun p u l s e  t o  a c r o s s i n g  t h e  r o t a t i o n a l  p o s i t i o n  
of t h e  s p a c e c r a f t  is known wi th  r e s p e c t  t o  t h e  Sun a t  t h e  e v e n t .  

If the  o u t p u t  of the motor tack inc remen t s  a second c o u n t e r  ( B )  and  t h e  
c o u n t e r  is reset by a commutator (p robab ly  a l o n g  a s p i n  a x i s ) ,  t h e n  c o u n t e r  B 
t racks the  p o s i t i o n  of the  motor. Latches D and  E t h e n  s to re  t h e  p o s i t i o n  of 
t h e  motor a t  t h e  time of the  l o c a t i o n  of t h e  i n  and o u t  c r o s s i n g s .  

Latch F stores t h e  r o t a t i o n  time of  the motor.  Thus, t h e  ave rage  motor s p e e d  
is known . 
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The r e s o l u t i o n  of t h e  motor tack i tself  may n o t  be s u f f i c i e n t  t o  locate  the  
p o s i t i o n  o f  the motor t o  t h e  r e q u i r e d  t o l e r a n c e .  By s y n t h e s i z i n g  p u l s e s  i n  
between t h e  tack t rack s i g n a l s ,  t h e  r e s o l u t i o n  r e q u i r e d  can be  o b t a i n e d .  The 
s y n t h e s i z e d  p u l s e s  may be produced as f o l l o w s :  

N X CODEWHEEL 

I COUNTER t I 

L 1 

F I G U R E  4.5-2 
FREQUENCY MULTIPLICATION SCHEME 

A t a p e  r e c o r d e r  is a v a i l a b l e  t o  t r a n s m i t  whenever required. Data would o n l y  
be t r a n s f e r e d  t o  t h e  t a p e  machine when an o b j e c t  i s  viewed. The t a p e  machine 
would s to re  t h e  data u n t i l  t h e  ground r e q u e s t s  t h a t  t h e  data be telemetered 
down t o  earth.  

4.6 Opera t ing  Modes and Comrnand/Telemetry Requirements 

4.6.1 Autonomous Mode 

The FSS must be able  t o  o p e r a t e  o v e r  a p e r i o d  of days wi thou t  i n t e r v e n t i o n  
from the ground. Thus,  an  a u t o m a t i c  mode must be d e f i n e d .  The s i m p l e s t  auto 
mode would c o n t i n u e  t o  s c a n  out t h e  e n t i r e  s k y  w i t h  0.2' r e s o l u t i o n  between 
s c a n  traces.  A s  a n  o b j e c t  is o b s e r v e d ,  t h e  i n - c r o s s i n g  and o u t - c r o s s i n g  data 
would be g e n e r a t e d  and  t r a n s f e r r e d  t o  t h e  t a p e  recorder. 

A t  0.2' s t e p s  i t  would take 1800 r e v o l u t i o n s  t o  s c a n  t h e  s k y .  A t  10 RPM ( 6  
seconds pe r  r e v o l u t i o n )  i t  would take 180 minu tes  t o  comple t e  o n e  scan .  
Therefore, i n  o n e  day i t  would complete  ' 8  s c a n s  of t h e  e n t i r e  s k y .  The Moon 
has a v i ewab le  w i d t h  o f  0.8' when viewed a t  t h e  L1 Lagrange p o i n t .  T h e r e f o r e ,  
t h e  maximum number of data p a i r s  p e r  s k y  s c a n  would be 4. I n  24 h o u r s  o n l y  20 
data p a i r s  would be o b t a i n e d .  Recorded data may o n l y  be a v a i l a b l e  f o r  6 h o u r s  
a f te r  t h e  o r i g i n a l  t r a n s m i s s i o n .  Thus, o n l y  5 data p a i r s  would be saved .  I t  
is desirable  t o  have more data a v a i l a b l e  f o r  a t t i  t u d e  d e t e r m i n a t i o n .  

An a l t e r n a t i v e  t o  t h e  s i m p l e  s c a n  mode desc r ibed  above would be t o  s t a r t  off 
i n  a search mode. The s e a r c h  mode m u s t  be f i n e  enough t o  g u a r a n t e e  f i n d i n g  
t h e  Moon a t  L1. With a v i ewab le  wid th  of 0.8O the  search mode s h o u l d  be 
approx ima te ly '  0.5 O r e s o l u t i o n .  



4 Report 93226 
August 6,  1986 
Page 24 * 

Once an object i s  obse rved ,  t h e  s c a n n e r  w i l l  switch t o  an  u l t r a  f i n e  mode. As 
t h e  s c a n n e r  l e a v e s  t h e  o b j e c t ,  t h e  motor speed can  t h e n  be readjusted t o  cause 
t h e  s c a n n e r  t o  sweep back o v e r  t h e  object .  T h i s  p r o c e s s  may be r e p e a t e d  as 
r e q u i r e d  t o  a c h i e v e  a s u f f i c i e n t  amount of data. The more data  o b t a i n e d ,  t h e  
better t h e  r e s u l t s  w i l l  be due t o  t h e  n a t u r e  of t h e  l e a s t  s q u a r e s  f i t  
performed d u r i n g  t h e  ground p rocess ing .  

F u r t h e r  time may be s a v e d  by lfrememberingll the  l o c a t i o n  of the E a r t h ,  Sun and 
Moon. Large areas i n  s p a c e  t h a t  c o n t a i n  no ta rge ts  may be q u i c k l y  s k i p p e d  t o  
home i n  on  the  areas of i n t e r e s t .  T h i s  t e c h n i q u e  would p r o v i d e  massive amounts 
of data i n  r e l a t i v e l y  s h o r t  p e r i o d s  of time. 

4.6.2 Ground C o n t r o l  Mode 

If the  t e l e m e t r y  i n f o r m a t i o n  can be t r a n s m i t t e d ,  r a t h e r  t h a n  recorded, as soon  
as t h e  data is g e n e r a t e d ,  t h e n  many p o s s i b i l i t i e s  e x i s t  fo r  rea l  time c o n t r o l  
of the  s e n s o r  from the ground. By t r a n s m i t t i n g  motor speed  a l o n g  w i t h  
s p a c e c r a f t  s p i n  r a t e ,  t o t a l  f l e x i b i l i t y  of c o n t r o l  is o b t a i n e d .  Besides t h e  
i n - c r o s s i n g  and o u t - c r o s s i n g  t e l e m e t r y  data  r e q u i r e d  for  a t t i  t u d e  
d e t e r m i n a t i o n ,  motor s p e e d  and s p a c e c r a f t  s p i n  ra te  cou ld  be  telemetered. 
Given t h i s  d a t a ,  any p o r t i o n  of t h e  s k y  may be scanned  as r e q u i r e d .  Large 
amounts of data  may be g e n e r a t e d  on a s p e c i f i c  t a r g e t  i n  a r e l a t i v e l y  s h o r t  
p e r i o d  of time. 

4.7 Ground P r o c e s s i n g  

A t t i t u d e  d e t e r m i n a t i o n  w i l l  be performed on t h e  ground u s i n g  t h e  t e l e m e t r y  
data. The t e l e m e t r y  data locates t h e  p o s i t i o n  of t h e  i n - c r o s s i n g s  and 
o u t - c r o s s i n g s  of the E a r t h ,  Sun and Moon i n  s p a c e c r a f t  c o o r d i n a t e s .  Loca t ion  
of t h e  c e n t e r  of each body is t h e  f irst  s t e p  when d e t e r m i n i n g  t h e  a t t i t u d e  of 
t h e  spacecraft .  Given t h e  p o s i t i o n  of t h e  c e n t r o i d s ,  t h e  a t t i t u d e  may' be 
determined by comparing t h e  observed p o s i t i o n  w i t h  ephemeris  p o s i t i o n s .  

4.7.1 C e n t r o i d  De te rmina t ion  - General Overview 
I .  

A l l  t h e  i n f o r m a t i o n  t o  locate  t h e  Sun,  Ear th  and Moon i n  s p a c e c r a f t  
c o o r d i n a t e s  w i l l  be c o n t a i n e d  i n  t h e  telemetry s i g n a l .  I n  o r d e r  t o  loca te  t h e  
r o t a t i o n a l  p o s i t i o n  of an  ob jec t ,  w i t h  r e s p e c t  t o  t h e  Sun,  t h e  t e l e m e t r y  d a t a  
w i l l  c o n t a i n  t h e  number of t i m i n g  p u l s e s  between t h e  Sun p u l s e  and t h e  
i n - c r o s s i n g ,  t h e  Sun p u l s e  and t h e  o u t - c r o s s i n g  and between o n e  Sun p u l s e  and 
t h e  n e x t .  Thus,  t h e  time from t h e  Sun p u l s e  t o  t h e  i n - c r o s s i n g  and 
o u t - c r o s s i n g s  are known and t h e  r o t a t i o n a l  v e l o c i t y  i s  known. Determining t h e  
r o t a t i o n a l  p o s i t i o n  of t h e  target  t h e n  becomes a t r i v i a l  matter. 

The c o e l e v a t i o n  a n g l e  of t he  i n - c r o s s i n g  and  o u t - c r o s s i n g  is  determined by t h e  
p o s i t i o n  of t h e  motor a t  t h e  time of t h e  e v e n t .  T h i s  i n f o r m a t i o n  is o b t a i n e d  
by c o u n t i n g  t h e  number of t i c k  m a r k s  on t h e  code wheel from some o r i g i n  
(p robab ly  p o i n t i n g  a l o n g  t h e  s p i n  a x i s ) .  F i n e r  r e s o l u t i o n  may be r e q u i r e d  
t h a n  s u p p l i e d  by t h e  code wheel. If t h i 3  is  t h e  case s y n t h e s i z e d  p u l s e s  w i l l  
b e  s u p p l i e d  as d i s c u s s e d  i n  S e c t i o n  4.5. 
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Solu  ion  by least  s q u a r e s  y i e l d s  c e n t r o i d  p o s i t i o n  i n  s e n s o r  c o o r d i n a t e s .  
F igu re  4.7-1 shows an example of how a c i r c l e  would be f i t  t o  i n - c r o s s i n g s  and 
t h e  out -c ross in .gs  data .  

E r r o r  i n  c e n t e r  d e t e r m i n a t i o n  i s  decreased by v i r t u e  of a l a r g e  number of data 
p o i n t s .  Thousands of data p o i n t s  may be e a s i l y  g a t h e r e d  d u r i n g  a 6-hour 
peri od . t o  produce '  ex t r eme ly  a c c u r a t e  r e s a l  ts . 

In-crossing 
D a t a  Points 

Least-squares fit t o  central 
f body limb 

D a t a  Poillts 

FIGURE 4.7-1 
CENTROID DETERMINATION FROM I N - C R O S S I N G  A N D  OUT-CROSSING DATA 
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4.7.2 C o r r e c t i o n  f o r  t h e  Lunar  Termina tor  

De te rmina t ion  of t h e  c e n t r o i d  of t h e  Moon w i l l  r e q u i r e  s p e c i a l  p r o c e s s i n g  when 
the  t e r m i n a t o r  i s  s i g n i f i c a n t .  As the t e r m i n a t o r  r e d u c e s  the  amount of the 
moon t h a t  i s  i l l u m i n a t e d ,  t h e  bes t - f i t  c i r c l e  w i l l  a l so  r e d u c e  i n  s i z e  w h i l e  
c e n t e r i n g  on t h e  i l l u m i n a t e d  p a r t  of the Moon. The r e s u l t  w i l l  be an  e r r o r  i n  
t h e  d i r e c t i o n  o p p o s i t e  t h a t  of t h e  t e r m i n a t o r .  To correct f o r  t h i s  error a 
knowledge of the a n g l e  formed by t h e  Sun,  t h e  Moon and t h e  s p a c e c r a f t ,  and  t h e  
a n g u l a r  r a d i u s  of t h e  Moon is a l l  t h a t  is r e q u i r e d .  I t  may be n e c e s s a r y  t o  
f i rs t  de te rmine  t h e  p o s i t i o n  of the  s p a c e c r a f t  n e g l e c t i n g  t h e  e f fec ts  of the 
t e r m i n a t o r ,  t h e n  r e p e a t  t h e  p rocess  a f t e r  f a c t o r i n g  i n  t h e  e r r o r .  

F i g u r e  4.7-2 d i s p l a y s  the geometry invo lved .  The o f f s e t  f ldf t  is calculated as 
follows : 

S i n 2  (812) 

3n 
8Pa c t  u a l  

d =  

where: e is  the a n g l e  between Sun and s p a c e c r a f t .  
p is the  a n g u l a r  r a d i u s  of t he  Moon. 

A s  an  example,  a t  low ear th  o r b i t :  

p = 0.25O, e = goo 

So lv ing  for  d ,  we f i n d  t h a t  t h e  error is  0.1’ for t h e  q u a r t e r  Moon. 

The t e r m i n a t o r  w i l l  o n l y  be s i g n i f i c a n t  a t  low E a r t h  o rb i t s .  A t  L1, t h e  
s p a c e c r a f t  i s  between the  Sun and t h e  Moon. Thus,  only t h e ’ d a y  s i d e ’ c a n  be 
scanned  and  no c o r r e c t i o n  w i l l  b e  n e c e s s a r y .  

to Sun * 

Line of Best- f i t  circle 
to illuniinated disk 

/ A  - d  = offset \LH 

m k- Lunar limb 
\ 

Terniitiator 

FIGURE 4.7-2 
CORRECTION FOR LUNAR TERMINATOR 
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4.7.3 A t t i t u d e  Determina t ion  

The Ea r th ,  Sun and Moon p o s i t i o n s  may be sensed  anywhere i n  t h e  s p a c e c r a f t  
sky.  S i x  independent  components are  immedia t e ly  ava i lab le .  When t h e  
s p a c e c r a f t  is  a t  low-Earth o r b i t ,  t h e  diameter of t h e  Ea r th  i s  a l s o  a usable  
component. T h i s  data p r o v i d e s  more t h a n  enough i n f o r m a t i o n  t o  de t e rmine  t h e  
spacecraft  a t t i  t u d e .  

4.7.3.1 
, . _ .  A t t i  t u d e  Geometry 

Each body ' s  p o s i t i o n  may be de te rmined  i n  spacecraft  c o o r d i n a t e s  as a f u n c t i o n  
of t h e  r o t a t i o n a l  a n g l e s  about t h e  s p i n  ax is  and c o e l e v a t i o n  a n g l e s  (from t h e  
s p i n  a x i s  t o  t h e  bodies  c e n t e r ) .  Refer t o  F i g u r e  4.7-3 f o r  a g l o b a l  geometry 
v i e w  of t h e  a t t i t u d e  de te rmina t ion  problem. 

/ Spin Axis 

Rotation A 
about Spin 

In Angles 
Axis 



Report 93226 
August  6 ,  1986 
Page 28 * 

The c o e l e v a t i o n  a n g l e  t o  a n  o b j e c t  d e f i n e s  a cone on  which t h e  s p a c e c r a f t  s p i n  
a x i s  mus t  l i e .  On a g l o b a l  s p h e r e  about s p a c e c r a f t ,  t h e  cone would be 
r e p r e s e n t e d  as a c i rc le .  An example is shown i n  F igu re  4.7-4. Here, s o l u t i o n  
A r e p r e s e n t s  the  p o s s i b l e  a t t i t u d e s  of t h e  s p a c e c r a f t  from the c o e l e v a t i o n  
a n g l e  t o  t h e  Sun. S o l u t i o n  B r e p r e s e n t s  t h e  p o s s i b l e  a t t i t u d e  of t h e  
s p a c e c r a f t  from t h e  c o e l e v a t i o n  a n g l e s  t o  t h e  Ea r th .  

The i n t e r j e c t i o n  of t h e  two c i rc les  d e f i n e  two p o s s i b l e  a t t i t u d e s .  The 
r o t a t i o n a l  a n g l e s  r e s o l v e  t h e  problem producing a unique a t t i t u d e .  

FIGURE 4.7-4 
USING ROTATIONAL ANGLE TO RESOLVE ATTITUDE PROBLEM 
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4.7.3.2 Geometry of EQUATOR Mission 

I n  t h e  p rev ious  example,  t h e  u s e  of t h e  r o t a t i o n a l  a n g l e  was u s e f u l  f o r  
r e s o l v i n g  t h e  two possible s o l u t i o n s .  However, i n  t h e  EQUATOR Mission t h e  use 
of the  r o t a t i o n a l  a n g l e  is even more impor tan t  due  t o  t h e  geometry invo lved .  
The geometry f o r  t h e  EQUATOR Mission is p resen ted  i n  F igu re  4.7-5. 

I n  t h e  EQUATOR Miss ion ,  the s p a c e c r a f t ' s  s p i n  a x i s  i s  n e a r l y  co-p laner  w i t h  
t h e  Ear th  and Sun. With t h i s  a t t i t u d e ,  t h e  l o c i  of c o e l e v a t i o n  measurements 
a re  n e a r l y  t a n g e n t ;  It  i s  d i f f i c u l t  t o  accurately de te rmine  t h e  i n t e r s e c t i o n  
of n e a r l y  t a n g e n t  c i rc les ;  t h u s ,  wi thout  t h e  r o t a t i o n  a n g l e ,  a s i n g u l a r i t y  
e x i s t s  t h a t  w i l l  produce poor a t t i t u d e  results. The r o t a t i o n  a n g l e  p rov ides  a 
measurement n e a r l y  o r thogona l  t o  t h e  p o s i t i o n  a n g l e  measurements;  t h u s  t h e  
s i n g u l a r i t y  i s  r e s o l v e d .  

FIGURE 4.7-5 
GEOMETRY OF EQUATOR MISSION 
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4.7.3.3 Geometry of W I N D  Mission 

The most d i f f i c u l t  a t t i t u d e  geometry ex i s t s  f o r  t he  W I N D  Mission.  During t h i s  
mi s s ion ,  t h e  s p a c e c r a f t  is p o s i t i o n e d  about  L1. The a n g l e  between t h e  E a r t h  
and t h e  Sun i s  176O, o r  n e a r l y  c o l i n e a r .  Refel". to F i g u r e  4.7-6. 

With o n l y  t h e  Sun and t h e  E a r t h ,  accurate a t t i t u d e  d e t e r m i n a t i o n  would be 
imposs ib l e .  By l o c a t i n g  t h e  Moon, accurate a t t i t u d e  d e t e r m i n a t i o n  i s  
a c h i e v a b l e .  

. .  

Earth @ Moon 

Spacecraft 

FIGURE 4.7-6 
GEOMETRY OF W I N D  MISSION 
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C 

4.7.4 Algori thms - C e n t r o i d  a n d  A t t i t u d e  Determina t ion  

= 

The a l g o r i t h m s  p resen ted  here perform t h e  f o l l o w i n g  f u n c t i o n s :  1 )  Observa t ions  .. 
are g a t h e r e d  f o r  each c e n t r a l  body and t h e  d i r e c t i o n  t o  t h e  c e n t r o i d  of t h e  
bod ies  i n  s e n s o r  c o o r d i n a t e s  is de termined ,  2) These sensed  p o s i t i o n s  of t h e  
c e n t r a l  bodies  a re  compared t o  ephemeris p o s i t i o n s  and t h e  a t t i t u d e  matrix i s  
computed u s i n g  methods of l e a s t - s q u a r e s .  

X 01 yo1 z 01 

0 2  0 2  02 

xc/cos ( R H O )  

X ' Y ' Z '  yc/cos(RHO) 

The problem f a l l s  n a t u r a l l y  i n t o  2 major c a l c u l a t i o n s .  F i r s t ,  a g e n e r a l  
method f o r  f i n d i n g  t h e  c e n t r o i d  of a n  o b j e c t  is  p resen ted  (Ear th ,  Sun o r  Moon 
f o r  i n s t a n c e ) .  Secondly,  t he  d e t e r m i n a t i o n  of t h e  a t t i t u d e  m a t r i x  from t h e  
comparison of observed  and ephemeris  p o s i t i o n s  is addressed. 

- - 

4.7.4.1 C e n t r o i d  C a l c u l a t i o n  

'03 '03 '03 . . .  
. . .  . . .  

. .  . . .  
'y ' z 'on on  on 

An o b s e r v a t i o n  $ w i l l  be d e f i n e d  here as a s e n s o r  l i n e  of s i g h t  d i r e 2 t i o n  a t  
t h e  time of l i m b  c r o s s i n g  f o r  a c e n t r a l  body. The c e n t r o i d  p o s i t i o n  xc i s  t h e  
d i r e c t i o n  t o  t h e  c s n t e r  of t h e  c e n t r a l  body: M t h  x* a n d  ? are  expres sed  i n  
s e n s o r  c o o r d i n a t e s .  The do t  product  of x o '  and 2 i s  equaf t o  t h e  c o s i n e  of 
t h e  c e n t r a l  body a n g u l a r  r a d i u s ,  RHO. I n  componenf form t h i s  may be w r i t t e n  
as : 

0 

A 0 

zc/cos ( R H O )  

+ z z = COS ( R H O )  o c  x x + YoYc o c  

T h i s  e q u a t i o n  is  f o r  a s i n g l e  o b s e r v a t i o n .  T y p i c a l l y ,  , there  are  many 
o b s e r v a t i o n s  over  t h e  d i s k  of a ce l e s t i a l  o b j e c t .  For n o b s e r v a t i o n s  over  a 
g iven  c e n t r a l  body, a set  of n e q u a t i o n s  may be ' w r i t t e n  f o r  t h e  unknown xc,  

z and RHO. I n  matrix yc ,  c 

Z 01 yo1 01  X 

X ' Y ' Z '  0 2  0 2  02  

03 '03 '03 
X 

0 . .  . . .  . . .  
x Z on  Yon on  

YC 
z 

C 

d i v i d i n g  bo th  s ides  by t h e  scalar  cos(RH0) we o b t a i n :  
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I xc/cos ( R H O )  

Y ~ / C O S  ( R H O )  

Because t h e  above r e p r e s e n t s  n e q u a t i o n s  f o r  th ree  unknowns, t h e  system is  
overde termined  f o r  n>3. ( R e a l i z e  x , yc and z c o n s t i t u t e  a u n i t  v e c t o r ,  
hence a t h i r d  component may be s o l v e s  f o r  i f  t h e  o f h e r  two a re  known).^ The 
method of l e a s t - s q u a r e s  mxst be invoked t o  de t e rmine  a b e s t - f i t  f o r  xc and 
C O S ( R H O ) .  To s o l v e  t h e  xc/cos(RHO) m u l t i p l y  both  s ides  of t h e  above m a t r i x  
e q u a t i o n ' b y  t h e  t r a n s p o s e  of the  l e f t - m o s t  matrix. W r i t t e n  o u t  t h e  r e su l t  of 
t h i s  m a t r i x  m u l t i p l i c a t i o n  is: 

xO 
= 

2 

zxo CXOYO xozo 
CYo ZYOZO xoyo 

Z X O Y O  CYOZO zzo 

2 

2 

To s o l v e  t h i s  sys t em f o r  t h e  column v e c t o r  2 /cos(RHO), we need o n l y  i n v e r t  
t he  3 x 3 m a t r i x  on  t h e  l e f t  m a t r i x  and m u l t i p l y  t h e  r i g h t  hand s i d e  of t h e  
e q u a t i o n  by t h e  r e s u l t  of t h e  i n v e r s i o n .  Notice t h e  3 x 3 matrix and R H O  of 
t h e  e q u a t i o n  is  composed o n l y  of o b s e r v a t i o n s .  The sums i n  t h e  m a t r i x  
e q u a t i o n  may be formed as  o b s e r v a t i o n s  a re  g a t h e r e d ,  s o  on ly  12 s t o r a g e  
l o c a t i o n s  a r e  needed rather t h a n  t h e  3n l o c a t i o n s  r e q u i r e d  i f  t h e  f u l l  se t  of 
o b s e r v a t i o n s  were s t o r e d .  Also,  t h e  matrix t o  be i n v e r t e d  i s  symmetric and 
p o s i t i v e - d e f  i n i  t e .  Because of t h i s ,  ve ry  compact methods f o r  m a t r i x  i n v e r s i o n  
may be employed. '  Using a n  IBM PC w i t h  a compact scheme we wro te ,  we found we 
cou ld  i n v e r t  a 3 , x  3 symmetr ic ,  p o s i t i v e - d e f i n i t e  m a t r i x  i n  l ess  than  0.r32 
seconds .  Once t h e  e q u a t i o n  i s  s o l v e d  f o r  t h e  v e c t o r  xc/cos(RHO), t h e  angu la r  
radius may be found by: 

c 

h 
RHO = a r c s e c a n t  ( xc/cos(RHO) 

A The u n i t  v e c t o r  x is  found by m u l t i p l y i n g  2 c / ~ ~ ~ ( R H O )  by  cos(RH0).  
C 

4.7.4.2 A t t i t u d e  Matrix Computation 

By f i n d i n g  t h e  xcls f o r  t h e  m c e n t r a l  b o d i e s ,  we a re  now i n  a p o s i t i o n  t o  
c a l c u l a t e  t h e  a t t i t u d e  m a t r i x .  I t  is clear t h a t  t y p i c a l l y  m = 2 o r  3 f o r  
a l l - s k y  s c a n n e r s  s e n s i n g  t h e  E a r t h ,  Sun and Moon, b u t  here we w i l l  be  gene ra l  
and c o n s i d e r  m o b s e r v a b l e  c e n t r a l  bodies .  

. .  

From Spacecraft A t t i t u d e  Determina t ion  and Con t ro l  t h e  a t t i t u d e  m a t r i x  i s  
d e f i n e d  as the  m a t r i x  t h a t  t r a n s f o r m s  i n e r t i a l h  posi t ioj ; ts  i n t o  body-fixed 
c o o r d i n a t e s .  S p e c i f i c a l l y ,  f o r  column v e c t o r s  x and xe r e p r e s e n t i n g  a 
d i r e c t i o n  expres sed  i n  body-f ixed and i n e r t i a l  c o o r s i n a t e s  r e s p e c t i v e l y ,  t h e i r  
r e l a t i o n s h i p  through t h e  a t t i t u d e  matrix A is: 

h h TA h Axe = x and A X c = x  
C e 



, 

- 
I A 1 1  A12 A13 
A21 A22 A23 - 
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“cXe ZXCY,  z x  c e  
EYcXe CYCY, ZYcZe 

S u b s c r i p t s  refer t o  c e n t r a l  body i n  body-fixed c o o r d i z a t e s  ( c )  and c e n t r a l  
body p o s i t i o n s  found from an ephemeris ( e ) .  If 9 and x a r e  expres sed  as row 
v e c t o r s ,  t h e i r  r e l a t i o n s h i p  through t h e  a t t i t u d e  m a t r i x  is: C e 

A h 

xcA = x A T  xeA = x and e C 

T A l h e  problem a t  t h i s  p o i n t  i s  t o  de te rmine  A ( o r  A ) g i v e n  t h e  Tets of m xc and 
xp p o s i t i o n s .  It r e a l l y  makes no d i f f e r e n c e  whether A or  A is  calculated; 
t f i e r e f o r e  s o l v e  f o r  A. W r i t i n g  o u t  t h e  m e q u a t i o n s  r e l a t i n g  t h e  9c and ae we 
have : 

2 c l  Ycl c l  

x c 3  yc3 % 3  

X 

X ’ Y ’ Z ’  c 2  c 2  c 2  

. . .  . . .  . . .  
Z ‘cm Ycm cm 

*1 

*3 

Z e l  Ye1 e l  

e 2  ’e2 e 2  

e 3  ’e3 ‘e3 

X 

x .  ‘ Z ‘  

X 

. . .  . . .  . . .  
Z ‘em’em em 

By l e t t i n g  t h e  m x 3 matrices of body-fixed p o s i t i o n s  and ephemeris p o s i t i o n s  
be w r i t t e n  as C and E r e s p e c t i v e l y ,  t h e  above e q u a t i o n  can be w r i t t e n  as: 

CA = E 

To f i n d  t h e  l f a s t  s q u a r e s  s o l u t i o n  of A ,  f i rs t  m u l - t i p l y  bo th  s ides  of t h e  
e q u a t i o n  by C : 

T T C C A = C E  

Wri t ing  o u t  t h e  p rev ious  e q u a t i o n  t o  i l l u s t r a t e  t h e  s i m i l a r i t y  between t h i s  
h a l f  of the  a t t i t u d e  d e t e r m i n a t i o n  problem w i t h  t h e  f i rs t  h a l f :  

xcyc xczc 
xcyc cyc CYCZC 

zxczc  CYCZC c z  C 

zx 
C 

2 

As b e f o r e ,  i n v e r t  a 3 x 3 symmetric, p o s i t i v e - d e f i n i t e  m a t r i x  and perform 
m a t r i x  mu1 ti  p l  i c a t i  on. 
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What f o l l o w s  i s  a br ief  summary of a method f o r  de t e rmin ing  t h e  s p a c e c r a f t  
a t t i  t u d e  from f u l l - s k y  s e n s o r  measurements 

For each c e n t r a l  body s o l v e  t he  f o l l o w i n g  sys t em:  

xC /COS ( R H O  1 
yc/cos ( R H O )  

zc /cos ( R H O )  

L‘ bod ies .  

Once t h e  d i r e c t i o n s  t o  t h e  c e n t r a l  bodies  have 
c o o r d i n a t e s ,  s o l v e  t h e  f o l l o w i n g  matrix equa t ion :  

Separate o u t  t h e  C O S ( R H O )  from x, and o b t a i n  u n i t  v e c t o r s  t o  t h e  m c e n t r a l  

been found i n  body-fixed 

*11 A12 A13 

A22 A23 

31 32 A33 A ‘ A  

A 
I n  t h e  f i r s t  e q u a t i o n  of t h i s  s e c t i o n  each of the  xc/cos(RHO) v e c t o r s  found 
f o r  t h e  m c e n t r a l  bodies  are seen  t o -  be dependent o n l y  on t h e  o b s e r v a t i o n s .  
I n  t h e  l a s t  e q u a t i o n  t h e  a t t i t u d e  m a t r i x  is  seen t o  depend on t h e  rn c e n t r a l  
body d i r e c t i o n s  i n  body-f ixed c o o r d i n a t e s  and t he i r  ephemeris p o s i t i o n s .  
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4.8 Bias Determina t ion  

Only one  s e n s o r  i s  r e q u i r e d  t o  achieve a c c u r a t e  a t t i  t u d e  d e t e r m i n a t i o n ;  
however a second s e n s o r  w i l l  p rov ide  redundancy f o r  r e l i a b i l i t y  purposes .  An 
added b e n e f i t  of t h e  second s e n s o r  i s  t h e  a b i l i t y  t o  e l i m i n a t e  b i a s  e r r o r  due 
t o  misal ignment  between t h e  t r u e  s p a c e c r a f t  s p i n  a x i s  and t h e  s e n s o r .  

The FSS produces  two sets of s cans  on an o b j e c t ,  one s e t  from each s ide  of the  
spacecraft. The e r r o r  between t h e  two c e n t r o i d s  d e r i v e d  from t h e  two se t s  of 
da ta ,  i s  twice t h e  b i a s  due t o  misal ignment  between t h e  t rue s p a c e c r a f t  s p i n  
a x i s  and t h e  s e n s o r .  

R e f e r r i n g  t o  F i g u r e  4.8-1, i t  i s  clear t h a t  one s e n s o r  may r e s o l v e  t h e  b i a s  i n  
o n l y  one d i r e c t i o n .  The second s e n s o r  p rov ides  a second component t h a t  can  
comple te ly  s o l v e  t h e  bias.  For maximum s e n s i t i v i t y  t h e  second sensor' s h o u l d  
be p o s i t i o n e d  90' from the  f i r s t  s e n s o r ,  b u t  a s  l o n g  a s  the  s e n s o r  i s  no t  
l o c a t e d  on  o r  n e a r  t h e  same plane  as t h e  f i rs t  s e n s o r  and t h e  s p i n  ax i s ,  t h e  
b ias  may be s o l v e d .  

B 

FIGURE 4.8-1 
B I A S  IS DIRECTLY MEASURED U S I N G  TWO SENSORS 
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4.9 

The f o l l o w i n g  performance e v a l u a t i o n  u t i l i z e d  t h e  algorithms p r e s e n t e d  i n  
S e c t i o n  4.7.4. The i n p u t s  were s i n g l e  se ts  of s y n t h e s i z e d  s c a n  data w i t h  
r e s o l u t i o n  o f  0.2'. I n  r e a l i t y ,  much more data w i l l  be u t i l i z e d  f o r  pu rposes  
of a t t i t u d e  d e t e r m i n a t i o n .  U t i l i z i n g  t h e  method of l eas t  s q u a r e s ,  t h e  errors 
w i l l  be reduced as t h e  q u a n t i t y  of data i s  i n c r e a s e d .  Thus, t h e  results 
i n d i c a t e d  below s h o u l d  be c o n s i d e r e d  c o n s e r v a t i v e .  

Summary of Performance as  Applied t o  I S T P  

4.9.1 U n c e r t a i n t y  i n  C e n t r o i d  De te rmina t ion  

The u n c e r t a i n t y  i n  c e n t r o i d  d e t e r m i n a t i o n  depends on t h e  a p p a r e n t  a n g u l a r  s i z e  
of a n  o b j e c t  and t h e  n o i s e  l e v e l .  

I 1  

F i g u r e  4.9-1 shows a f a m i l y  of c u r v e s  of d i f f e r e n t  n o i s e  l e v e l s .  Wi th  0.05' 
of noise ,  ' t h e  u n c e r t a i 2 t y  i n  c e n t r o i d  d e t e r m i n a t i o n  i s  well below t h e  0.93' 
m a r k  . 
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FIGURE 4.9-1 
UNCERTAINTY OF CENTROID DETERMINATION 
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4.9.2 A t t i t u d e  Determina t ion  f o r  W I N D  

W I N D  mi s s ion  p r e s e n t s  the  most c h a l l e n g i n g  problem f o r  a t t i t u d e  d e t e r m i n a t i o n  
of a l l  t h e  ISTP miss ions .  As presen ted  i n  S e c t i o n  4.8.3 t h e  use of t h e  Moon 
s o l v e s  a s i n g u l a r i t y  due t o  t h e  n e a r  c o l i n e a r i t y  of  the Sun,  s p a c e c r a f t  and 
Ear th .  

F igu re  4.9-2 i s  a graph  t h a t  shows the  e f fec ts  of n o i s e  and t h e  Earth-Moon 
e l o n g a t i o n  a n g l e  on  t h e  a t t i t u d e  u n c e r t a i n t y .  Note t h e  l a r g e  improvement i n  
a t t i t u d e  u n c e r t a i n t y  as the  Moon moves farther away from the  Earth.  
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*Earth-Sun elongation = 176 deg (Le., worst case) 

FIGURE 4.9-2 
ATTITUDE DETERMINATION UNCE RTA INTY 

AS A FUNCTION OF NOISE A N D  EARTH-MOON ELONGATION 
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4.9.3 

The Full-Sky Scanner  .wiJl perform a c c e p t a b l y  d u r i n g  t h e  W I N D ,  POLAR and 
EQUATOR Mission.  A t t i t u d e  u n c e r t a i n t y  w i l l  be below 0.1' p rov ided  the Moon i s  
a v a i l a b l e .  

Summary of A t t i t u d e  Determina t ion  Unce r t a in ty  
. .  

The wors t  c o n d i t i o n  f o r  a t t i t u d e  d e t e r m i n a t i o n  i s  d u r i n g  t h e  W I N D  Mission a t  
L1. A s i n g u l a r i t y  exists a t  t h i s  p o i n t  t h a t  produces r e l a t i v e l y  poor r e s u l t s  
when t h e  Moon i s  no t  used. When t h e  Moon is  u t i l i z e d ,  t h e  s i n g u l a r i t y  i s  
r e s o l v e d  and t h e  u n c e r t a i n t y  is  improved t o  better than  0.1'. 

F igu re  4.9-3 is a graph t h a t  shows t h e  a t t i t u d e  u n c e r t a i n t y  f o r  t h e  W I N D ,  
POLAR and EQUATOR Missions a t  v a r i o u s  p o s i t i o n s .  U n c e r t a i n t y  of t h e  c e n t r o i d  
is  a n t i c i p a t e d  t 9  be i . r l  t h e  b e t t e r  t han  0.03' .  
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FIGURE 4.9-3 
SUMMARY OF ATTITUDE DETERMINATION FOR ISTP  MISSIONS 
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4.10 Assessment of  Other Motor Options 

P r i o r  t o  d e c i d i n g  o n  t h e  concept  of con t inuous ly  scann ing  t h e  s e n s o r ,  o t h e r  
o p t i o n s  were i n v e s t i g a t e d .  These approaches  i n c r e a s e d  t h e  r e s o l u t i o n  of t h e  
s t e p p e r  motor e i ther  by ' e x o t i c  g e a r i n g  a r rangements  or by e l e c t r i c a l l y  
mic ros t epp ing  t h e  motor 

' .  

The mechanical  approaches  i n v e s t i g a t e d ,  i n c o r p o r a t e d  g e a r i n g  such  as t h e  
swashp la t e  used i n  t h e  T e l d i x  s t e p p e r  motor o r  harmonic d r i v e  used by  
S c h a e f f e r .  The T e l d i x  s t e p p e r  motor u t i l i z e s  a s w a s h p l a t e  t o  i n c r e a s e  t h e  
r e s o l u t i o n  of a conven t iona l  s t e p p e r  motor. The accuracies and r e s o l u t i o n  of 
t h i s  motor des ign  approach our r equ i r emen t s ,  bu t  there are some aspects of t h e  
d e s i g n  t h a t  i n d i c a t e  t h a t  i t  is no t  t h e  idea l  motor f o r  o u r  a p p l i c a t i o n .  The 
l i f e  expec tancy  of  the  motor i s  q u e s t i o n a b l e  a t  t h i s  p o i n t  and t h e  use of a 
swashplate produces a coning  a n g l e  between t h e  s p i n  ax is  of t h e  motor and t h e  
hous ing .  The coning  a n g l e  w i l l  compl i ca t e  t h e  data.  

The harmonic d r i v e  was a n o t h e r  method of i n c r e a s i n g  t h e  r e s o l u t i o n  of a 
s t e p p e r  motor t h a t  was assessed. The approach proposed t o  u s  by S c h a e f f e r  
was a c o n s i d e r a b l y  more complex mechanical  system t h a n  o u r  p r e s e n t  sys t em.  

An e lec t r ica l  a l t e r n a t i v e  t o  t h e  r e s o l u t i o n  problem is  mic ros t epp ing .  
Micros tepping  s u b d i v i d e s  t h e  n a t u r a l  s t e p s  of t h e  motor i n t o  smaller s t e p s .  
T h i s  is  done by a d j u s t i n g  t h e  c u r r e n t s  i n t o  t h e  windings t o  produce an 
e q u i l i b r i u m  a t  some i n t e r m e d i a t e  s t e p  between t h e  n a t u r a l  s t e p s .  The 
r e s o l u t i o n  of the  s t eps  is  d ic ta ted  by t h e  amount of memory a v a i l a b l e  t o  store 
t h e  p o s i t i o n  t o  c u r r e n t  t ab l e ,  t h e  r e s o l u t i o n  of the  d i g i t a l  t o  a n a l o g  
c o n v e r t e r ,  and t h e  b e a r i n g  n o i s e .  

Mic ros t epp ing  o f f e r s  very good r e s o l u t i o n ,  b u t  accuracy  i s  s t i l l  a problem. 
There a re  code wheels ava i l ab le  t h a t  o f f e r  t h e  t y p e  of r e s o l u t i o n  r e q u i r e d ;  
b u t  t h e y  a r e  expens ive .  The code wheel a l s o  e l i m i n a t e s  one of  the  advantages  
of u s i n g  a s t e p p e r  motor ;  t h a t  i s ,  i t  is no longe r  open loop .  

4.11 Speed/Posi t i o n  Con t ro l  of t h e  B r u s h l e s s  DC Motor 

The s t e a d y  s t a t e  c h a r a c t e r i s t i c s  of t he  speed  c o n t r o l  l oop  m u s t  be e x t r e m e l y  
s table .  The r e a s o n  f o r  t h i s  is t h e  small d i f f e r e n c e  between t h e  s p a c e c r a f t  
s p i n  ra te  compared t o  t h e  scann ing  r a t e .  For example,  t o  produce 0.2' 
r e s o l u t i o n ,  t h e  s c a n n e r ' s  s p i n  r a t e  m u s t ' b e  20.016 when t h e  spacecraft  ' i s  
s p i n n i n g  a t  20.000 RPM's.  T h i s  o r d e r  of c o n t r o l ' i s  p o s s i b l e  w i t h  a n  i n t e g r a l  
c o n t r  o l  loop .  

I . .  

We m u s t  no t  o n l y  c o n t r o l  the s teady  s t a t e  motor s p e e d ,  b u t  a l s o  t h e  
i n s t a n t a n e o u s  phase. The speed  c o n t r o l  l oop  m u s t  g u a r a n t e e  t h a t  t h e  Earth 
w i l l  no t  be missed when scann ing  o u t  47~ s t e r a d i a n  a t  L1. That i s ,  t h e  scanne r  
motor m u s t  n o t  s i g n i f i c a n t l y  d e v i a t e  from its nominal track i n  s p a c e .  
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The c o n t r o l  of t h e  motor is o n l y  i n d i r e c t l y  r e s p o n s i b l e  f o r  t h e  accuracy of 
t h e  a c q u i r e d  i n - c r o s s i n g  and  o u t - c r o s s i n g  da ta .  The i n s t a n t a n e o u s  p o s i t i o n  o f  
the motor w i l l  be de t e rmined  from t h e  code wheel. Code wheels a re  a v a i l a b l e  
w i t h  as  many as 4,096 l i n e s  (.088'). C l e a r l y ,  knowledge of p o s i t i o n  is  
o b t a i n a b l e  t o  h igh  a c c u r a c i e s .  Also, t e c h n i q u e s  can  be used t o  r e s o l v e  t h i s  
code wheel t o  0.005' ( e q u i v a l e n t  t o  65,536 l i n e s ) .  

The r e s o l u t i o n  r e q u i r e d  i n  t h e  code wheel w i l l  be a f u n c t i o n  of how well t h e  
motor can be c o n t r o l l e d  and how much c o n t r o l l i n g  t h e  motor r e q u i r e s .  A 
p e r f e c t l y  smooth motor would o n l y  need one  p u l s e  p e r  r e v o l u t i o n  t o  produce 
p o s i t i o n  i n f o r m a t i o n .  The o b j e c t i v e  w i l l  be t o  d e s i g n  a motor and c o n t r o l  
l o o p  t h a t  p r o v i d e s  t h e  r e q u i r e d  s t a b i l i t y  u s i n g  t h e  lowes t  r e s o l u t i o n  code 
wheel p o s s i b l e .  The c o s t  of the  code wheel goes up r a p i d l y  as r e s o l u t i o n  is  
improved, s o  much e f f o r t  w i l l  be  i n v e s t e d  i n  t h e  c o n t r o l  l oop .  

The v i ewab le  d imens iona l  a n g l e  of the  Moon from L1 is  approx ima te ly  0.8'. That  
i s ,  t h e  one-degree FOV may be o f f  the  c e n t e r  o f ' t h e  Moon by 0.4' and  s t i l l  
have enough s i g n a l  t o  l o c a t e  t h e  ho r i zon .  If t h e  s c a n n e r  i s  i n  a 0.2' search 
mode, t h e n  w o r s t  case t h e  nominal s c a n  p a t h  may miss t h e  c e n t e r  by 0.1'. To 
g u a r a n t e e  t h a t  t h e  Moon is  no t  missed, t h e  s c a n n e r  m u s t  s t a y  w i t h i n ' 0 . 3 '  of 
t h e  nominal s c a n  path.  Thus,  t h e  b r u s h l e s s  DC motor  m u s t  t rack t h e  nominal 
s c a n  p a t h  t o  -+0.3', and  our des ign  o b j e c t i v e  i s  (0.1'. 

Two c o n t r o l  schemes have been proposed. The f i rs t  and most s t r a i g h t  forward 
approach i s  t o  c o n t r o l  t h e  speed  of t h e  motor w i t h  a c o n v e n t i o n a l  speed 
c o n t r o l  l oop .  C o n t r o l l i n g  t h e  a v e r a g e  speed  of t h e  motor o v e r  o n e  r e v o l u t i o n  
Of t h e  s p a c e c r a f t  i s  r e l a t i v e l y  e a s y .  The t r i c k  w i l l  be  t o  get t h e  bandwidth 
of t h e  c o n t r o l  l o o p  up  h i g h  enough t o  be ab le  t o  c o n t r o l  t h e  phase  of t he  
motor a g a i n s t  t h e  b e a r i n g  n o i s e .  

. .  

The b r u s h l e s s  DC motor w i l l  be des igned  i n  Phase 11. For pu rposes  of t h i s  
r e p o r t ,  assume t h e  b r u s h l e s s  DC motor has t h e  f o l l o w i n g  charac te r i s t ics :  

R e s i s t a n c e  o f  Windings ( R ) :  90 n 
I n d u c t a n c e  of Windings (L) : 30 mH 
C o e f f i c i e n t  of Viscous F r i c t i o n  (B) : 0.3939 o z - i n / ( r a d / s e c )  
Moment of I n e r t i a  ( J ) :  62 x oz - in  - s 
Torque Cons tan t  (K 1: 55 oz-in/amp 
Back EMF: 1 V/(ra$/sec) 

NOTE: These character is t ics  a re  from an  e x i s t i n g  ITHACO motor u s e d  i n  

2 

t h e  C o n i c a l  Ea r th  Senso r .  



Figure  4.11-1 is a block diagr 
f u n c t i o n . o f  t he  motor i s  then :  
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m of t h e  b r u s h l e s s  DC motor. The t r a n  f e r  

. , .  

The wors t  o f f ende r  t o  speed  s t a b i l i t y  w i l l  be t h e  b e a r i n g  n o i s e .  To g e t  an 
idea how t h e  n o i s e  w i l l  effect t h e  motor ,  two s i m u l a t i o n s  were performed on 
the  computer . 

FIGURE 4 . 1 1 - 1  
MODEL OF BRUSHLESS DC MOTOR 
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The f irst  s i m u l a t i o n  i n d i c a t e d  how a n  open loop  motor would respond t o  t h e  
b e a r i n g  n o i s e .  The t o p  t r a c e  i s  t h e  
speed  of t h e  motor.  The c e n t e r  t race is t h e  b e a r i n g  n o i s e  t h a t  was i n j e c t e d  
i n t o  t h e  model. The 
p o s i t i o n  e r r o r  was d iv ided  by s u b t r a c t i n g  t h e  s t e a d y  s t a t e  speed  of t h e  motor 
(wi thou t  n o i s e  i n j e c t e d )  from the  m o t o r ' s  s p e e d ,  t h e n  i n t e g r a t i n g .  I t  i s  
clear t h a t  t h e  p o s i t i o n  e r r o r  i s  outside the  a l l o w a b l e  l i m i t  of k0.1'. and 

Figure  4.11-2 is  a graph of the resul ts .  

The t h i r d  (bot tom)  trace i s  the  p o s i t i o n  (phase )  e r r o r .  

t h a t  a tack l o o p  m u s t  be used  t o  provide  fas te r  r e s p o n s e  i n  t h e '  motor 
c o n t r o l l e r .  

19 
MOTOR S P E E D  

I 
I (RPMs  1 

BEARING NOISE 
( O Z - I N )  \ I I 

0 .  2 0 

0.4 

0.2 

0.0 

-0.2 

I - I I I I I 
1 2 3 0 

TIME (SECONDS 

FIGURE 4.11-2 
COMPUTER SIMULATION OPEN-LOOP BRUSHLESS DC MOTOR 
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Y ~ ~ ( K ~ ~ ~ ~ ~ l ~ @ ~  in B + J S  

The f o l l o w i n g  shows t h e  improvement ach ieved  by  a s i m p l e  speed  c o n t r o l l e r .  

2 

A speed  c o n t r o l  loop is shown i n  F i g u r e  4.11-3. A one-shot  i s  f i r e d  by e v e r y  
1/2  cycle o n  t h e  code wheel ,  t h e n  t h e  signal i s  f i l t e r e d  t o  produce t h e  
feedback. To s i m u l a t e  p o s i t i o n  f i r i n g  of t h e  one-shot  on  t h e  computer ,  t h e  
speed  i s  i n t e g r a t e d  t h e n  a s i g n a l  is produced e v e r y  1 / 8 O .  T h i s  simulates a 
code wheel w i t h  m a r k s  eve ry  1/4'. The one-shot  produces  a s i g n a l  w i t h  a n  
ampl i tude  of o n e ,  t h e  p u l s e  w i d t h  is 500 microseconds.  The f i l t e r  t h a t  
f o l l o w s  has a time c o n s t a n t  of 1 m i l l i s e c o n d .  

ONE 
SHOT FILTER I 

T BEARING 
L NOISE \ 

- t  
\ 

9 1 ONESHOTEVERY - 1/4 DEG. (500flSEC) 1 + as 

F I G U R E  4 .11  -3 
SPEED CONTROL LOOP 

a )  Basic C o n t r o l  Loop 
b )  C o n t r o l  Loop Implementa t ion  o n  t h e  Canputer  
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Figure 4.1 1 - 4  shows t h e  improved performance of t h e  motor w i t h  t h e  speed  
c o n t r o l  Ibbp. T h i s  c o n t r o l  l oop  a d e q u a t e l y  ho lds  t h e  motor t o  about 0.1' w i t h  
r e s p e c t  t o  t h e  nominal p o s i t i o n  p a t h .  

An a l t e r n a t i v e  t o  c o n t r o l l i n g  speed  i s  t o  c o n t r o l  the  p o s i t i o n  by phase 
l o c k i n g  t h e  motor w i t h  t h e  spacecraft. T h i s  approach  appears t o  b e  s o m d ,  b u t  
it is more complicated t h a n  t h e  s p e e d ' c o n t r o l  approach. I n t e r c o n n e c t i n g  phase 
lock loops p r e s e n t s  a complicated a n a l y s i s  problem. T h i s  approach  is 
a v a i l a b l e  but  s h o u l d  be used o n l y  i n  t he  e v e n t  t h a t  t h e ' s p e e d  c o n t r o l  scheme 
does  n o t  pan o u t .  

I I I I I I I 
211 i 
20 

19 ' 
MOTOR SPEED ( R P M s )  

BEARING N O I S E  
(OZ-IN) 1 - 0 3  

0.2 

0.0 

-0.2 

, 

1 2 3 0 

TILYE (SECONDS ) 

FIGURE 4.11-4 
COMPUTER SIMULATION SPEED CONTROL LOOP 
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4.12 Pyroelectric Detector Investigation 

Pyroelectric detectors a re  commonly used i n  horizon crossing indicators ,  and 
have three s ign i f icant  advantages over the thermister bolometer: 

.. . 

1 .  The s e n s i t i v i t y  is higher, giving bet ter  signal t o  noise r a t io .  T h i s  is  
' '  desirable  fo r  more r e l i ab le  detection of the Earth and Moon a t  long 

distances. 

2. No biasing of the detector i s  required, t h u s  s i m p l i f y i n g  the c i r cu i t ry ,  
. and minimizing 1 /f noise. 

3. The device geometry for  a given f i e l d  of view is  much la rger .  T h i s  makes 
i t  eas i e r  for  precision alignment of the detector w i t h i n  the 'sensor.  

For these reasons, laboratory investigations of pyroelectric detectors were 
undertaken. 

4.12.1 Discussion of Experiments 

4.12.1.1 Devices Tested 
. .  . 
. . . ,  

Two different  pyroelectric detectors were available for  experimentation. One 
was a plain detector manufactured by Laser Precision Corporation ' ( P / N  
5-506-P5). The second detector w a s  manufactured by Infrared Associates 
Incorporated. I t  has a FET b u i l t  i n  t o  amplify the detector signal.  The 
plain detector was very d i f f i c u l t  t o  use. Pickup, microphonics, signal droop 
e tc . ,  made quantification very d i f f i c u l t .  We got some signal o u t ,  b u t  were 
not ' i mpr ess ed . 
The device w i t h  the b u i l t  i n  FET was another matter. We ins ta l led  tha t  device 
i n  an H C I  barrel. The in te rna l  FET was used as a 'source follower t o  buffer 
the detector output:. Results on the opt ical  bench and the Earth simulator 
were encouraging. Microphonics were minimal and signal amplitude was good. 
A l l  of the f o l l o w i n g  da ta  and a n a l y s i s  is  based upon t h i s  device .  

4.12.1.2 Earth Simulator Experiments 

The pyroelectric detector w a s  i n s t a l l ed  i n  an H C I  w i t h  1 4  t o  16 micron opt ics .  
The H C I  was first checked o u t  on the opt ical  bench with'a chopped source. The 
pyroelectr ic  detector gave a good signal w i t h  slow r i s e  and f a l l  time. Ws 
also checked i t  against a 230 Kelvin equivalent Earth target .  Signal droop 
was s a t i s f a c t o r i l y  low. The output resembled a bolometer output signal t o  a 
surpr is ing degree. We then  added a lead amplifier t o  the  electronics t o  
cancel out the resldual pole such as  is  currently done i n  the CES t o  cancel 
the bolometer's thermal lag. Typcial t ransfer  functions a re  given i n  Section 
4.12.1.3. 

. .  . 

, I .  I 
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4.1  2.1.3 Transfer Functions of Bolometer Pyroelectric Detector Circuits 

Typical t ransfer  functions of the  electronics ,  including compensations fo r  the 
thermal l ag  i n  the detectors are:  

- .  I . '  

B ol ome t e r 

( 1  + .002 S) ( 1  + 0.3 X 

( 1  + 3.3 X loe6,) ( 1  + 38.3 X (i + 823.2 X 

Pyr oel ect ri c 

( 1  + .039 S) ( 1  + 0.3 X 
- 4  * 

( 1  + 3.3 X loA6, )  ( 1  + 38.3 X 10 S )  ( 1  + 823.2 X 10-6S) 

Under these conditions, t h e  pyroelectric detector 's  signal-to-noise r a t i o  is 
as good or bet ter  than tha t  of the bolometer. 

4.12.2 Effects of Peaking 

4.12.2.1 Measured Signals 
. .  

The following waveform photograph was taken on the opt ical  bench w i t h  the 
peaking s e t  on the basis of compensating the thermal lag. T h i s  is 
approximately where we would expect t o  set i t  i n  pract ice .  The'top t race  i s  
the amplified pyroelectric detector signal. The bottom t race  is the peaked 
s ignal .  Peaking has effect ively removed the thermal lag of the detector and 
provided a square wave w i t h  overshoot. The pulse w i d t h  is about 50 
milliseconds. 
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To t h o s e  readers famil iar  w i t h  such waveforms, t h e  peaked  waveform a p p e a r s  t o  
be over  peaked as evidenced by t he  overshoot  a t  t h e  s t a r t  and t h e  end of the  
pu l se .  Such is  n o t  t h e  case s i n c e  there  was no e l e c t r o n i c  peaking  i n  t h e  
c i r c u i t  a t  f r e q u e n c i e s  which cou ld  cause t h e  ove r shoo t .  We were c a r e f u l l y  
bucking o u t  o n l y  t h e  thermal l a g  of t h e  device .  The e l e c t r o n i c s  were examined 
by i n j e c t i n g  a s imulated p y r o e l e c t r i c  d e t e c t o r  s i g n a l  and confirmed t h a t  t h e  
over-peaking was n o t  i n  t h e  e l e c t r o n i c s .  If t h e  peaking  is rea l  and is 
i n h e r e n t  i n  t h e  p y r o e l e c t r i c  d e t e c t o r ,  t h e n  i t  i m p l i e s  t h a t  one of the  
l lcosmeticl l  p o l e s  i n  t h e  t r a n s f e r  f u n c t i o n  could  be moved down i n  f r equency  t o  
compensate ,  t h u s  s i g n i f i c a n t l y  r e d u c i n g  t h e  n o i s e  bandwidth wi thout  d e t r a c t i n g  
from t h e  s i g n a l .  It  has been estimated t h a t  f u r t h e r  n o i s e  r e d u c t i o n s  up t o  
several times might prove t o  be p o s s i b l e .  More work w i l l  be done i n  Phase 11. 
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5.0 SUMMARY 

A m o d i f i c a t i o n  of a n  e x i s t i n g  s e n s o r  has been ana lyzed  f o r  a Full-Sky Scanner 
for  a s p i n n i n g  or d u a l  s p i n  s p a c e c r a f t .  The scanne r  c a n  loca te  t h e  Sun, Ea r th  
and Moon anywhere between low-Earth o r b i t  t o  250 Earth r a d i i  away. A t t i t u d e  
may be de te rmined  w i t h  a n  u n c e r t a i n t y  of less t h a n  0.05 degrees i n  most cases. 
The m o d i f i c a t i o n s  are  minor  and t h e  r i s k  i s  low. 

5.7 Genera l  Overview 

The Full-Sky Scanner  u t i l i z e s  a b r u s h l e s s  DC motor t o  s p i n  t h e  s c a n n e r .  With 
t h e  scanne r  r o t a t i n g  o t h o g o n a l l y  t o  t h e  s p i n  a x i s  of t h e  s p a c e c r a f t  'and t h e  
speed  of the  s c a n n e r  p r o p e r l y  c o n t r o l l e d ,  t h e  s c a n  p a t t e r n  can be moved across 
t h e  sky .  Reso lu t ion  between s c a n  p a t h s  i s  s t r i c t l y  a f u n c t i o n  of t h e  r e l a t i v e  
speeds  between t h e  motor and t h e  s p a c e c r a f t .  

I .  

It was shown t h a t  t h e  worst case s i g n a l  l e v e l s  o c c u r  a t  L1.  Here t h e  Moon is 
detectable  o v e r  a v iewable  a n g u l a r  d i s t a n c e  of 0.8' w h i l e  t h e  Ea r th  i s  1.0'. 
A f i x e d  r a d i a n c e  locator  was shown t o  p rov ide  optimum performance. ' T h i s  
a n a l y s i s  was based o n  c o n s e r v a t i v e  assumpt ions ;  therefore,  bet ter  d e t e c t i o n  i s  
expec ted .  

A p y r o e l e c t r i c  detector was i n v e s t i g a t e d  and  found t o  have advan tages  o v e r  t h e  
bolometer. If t h i s  d e v i c e  were i n c o r p o r a t e d  there would be a n  improvement i n  
d e t e c t a b i l i t y  . 
Effects of b e a r i n g  n o i s e  and speed  c o n t r o l  l o o p s  were e v a l u a t e d .  The 
i n s t a n t a n e o u s  p o s i t i o n  can be h e l d  t o  0.1' of  the  nominal p o s i t i o n .  

An algorithm for  d e t e r m i n i n g  t h e  a t t i t u d e  of a s p a c e c r a f t  was p resen ted .  The 
a l g o r i t h m  f i r s t  de te rmines  t h e  c e n t r o i d  o f '  a n  ob jec t  g i v e n  i n - c r o s s i n g  and  
o u t - c r o s s i n g  t e l e m e t r y  data. Secondly ,  t h e  a l g o r i t h m  s o l v e s  f o r  t h e  a t t i t u d e  
u s i n g  t h e  ephemer is .  

5.2 System Performance 

Accuracy of better t h a n  0.05O ( 3 a )  is expec ted  f o r  n e a r l y  a l l  c o n d i t i o n s .  The 
most s e v e r e  a t t i t u d e  d e t e r m i n a t i o n  problem o c c u r  a t  L1 d u r i n g  t h e  mission. The 
Moon must be u t i l i z e d  t o  r e s o l v e  a s i n g u l a r i t y .  A t t i t u d e  accu racy  w i l l  be  
be t te r  t h a n  0.1 O even  a t  L1. 

A t t i t u d e  d e t e r m i n a t i o n  a t  low E a r t h  o r b i t  may be compranized by open ing  t h e  
passband f i l t e r  t o  produce bet ter  r e s u l t s  a t  higher  e a r t h  o r b i t s .  Worst case 
errors of Ea r th  d e t e c t i o n  based o n  a s i n g l e  s c a n  a t  low o r b i t s  w i l l  be less  
t h a n  0.5'. 

9 .  
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6.0 PHASE I1 TASKS 

The primary e f f o r t  i n  Phase I1 w i l l  be t o  design and b u i l d  a Breadboard 
Fu l l -Sky  Scanner. The Breadboard w i l l  be manufactured u s i n g  high quality non 
screened f l i g h t  grade hardware. Informal environmental tes t ing w i l l  be 
conducted t o  evaluate performance over temperature i n  a vacuum, etc.  The 
following tasks a r e  required t o  meet t h i s  end. 

. Design a Brushless DC Motor f o r  the Existing Sensor 

- Code wheel selection 

- Speed control loop 

. Select an Infrared Detector 

- Further investigation work required t o  assess temperature and 
radiat ion e f fec t  on pyroelectric detectors.  

- Further assessment of the thermal response of the pyroelectric 
detector i s  required. 

. Design Associated Electronics 

- Locator f o r  Sun 

- Locator for  Earth and Moon 

- Telemetry interface electronics 

- Control electronics 

. Bias Determination - Including Ident i f icat ion of All Bias Terms and 
’ How t o  Treat Then 

- Constant cone-angle bias 

- Mounting angle biases 

- Inter-sensor biases 

. Design and B u i l d  Required Test Equipment 

Operator Modes - Define and Incorporate 

- Search mode 

- Dither mode 

- Assessment of full-sky scan time 
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&''?he SCHl is being successfully used on the USAF P78-2 (SCATHA) Spacecraft that was launched on 
January 30, 1979. 

S PI N N I N G SPACECRAFT 

I 

0 
0 

ON-ORBIT LAUNCH PHASE, 
TRANSFER ORBIT 

Possible S H C I  Applications 

For more information on this and other ITHACO Space Products 
con tact M. Z. Rut kowski, Division Manager, Spacecraft Instruments Division 

ITHACO, INC 735 WEST CLINTON STREET BOX 6437 ITHACA, NEW YORK 14851 USA 
PHONE 1-800-847-2080 or 607-272-7640 TWX 510-255-9307 
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0 , 
s'pec if ica t ion 8 

I APPLICATIoN 
~~~ -~ ~~ 

SPACECRAFT SPIN RATE 

INSTANTANEOUS FIELD OF VIEW 

FIELD OF VIEW COVERAGE 

INCREMENT (120 steps) @ 

F O P T E A L  PASSBAND 

I ACCURACY 

I ALTITUDE RANGE 

Sensor - I- Electronics- 

I WEIGHT 

I POWER 

For spinning space vehicle launch phase, transfer orbit, 
on-orbit (elliptical or circular, any inclination) 

1 to 200 rpm 

l o x  1" 
~~ ~ ~ 

0" - 360" 

3" 

0 to 200-steps/sec 

14 - 16p 

0.1" ( 3 0 )  
~~ ~ 

150 - 60000 h 

13.34 x 9.14 cm (max dia) 
15.24 x 15.24 x 5.23 ~m 

1.6 kg 

2.5W static t7.5W when stepped 

A 45 degree fold mirror is mounted to a boll-bearing suspended housing driven by a stepper motor. A 
position Sensor in conjunction with an up-down counter provides the line of sight position information 
for all incremental position settings. The SHCl's signal outputs ( l i n e  of sight position and the horizon 
location) are used for attitude determination of the spacecraft. 

.. . 

F I L T E R  LENS 

E A R T H  u 
I 

~ 

I 

I I 
I 
I 

O U T P U T S  I 

3 

3 

ISS Optical Diagram SHCl Scan Pattern 
and Signal Output 



Steerable Horizon 

IPS 1-4/79 

Crossing Indicator 

Description 

T'he Steerable Horizon Crossing Indicator (SHCI) is intended for use on a spinning Space Vehicle. It  senses 
the thermal discontinuity between Earth and Space as the line of sight crosses the horizon. The'SHCl's line 
of sight is adiustable in 3" increments by command over the full 360". 

-G spin p. -- m/- , step 

line of sight 

0 ITHACO INC. 1977 

line of sight r( 
line of sight 

Spacecraft Mounting Configuration 

ITHAC 



ALIGNMENT 1 i 
SCREW 

Sensor Outline 

CONNESTOR 

L 4.902 em 5.969~111 - 
7.366~111 

13.335~111 I 

AI-PS-M 

Electronics Outline 


